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ABSTRACT
Strains o f tida l origin  and long-period tectonic origin  observed 
at two sites in central Nevada are discussed and compared with strain 
observations in other areas of the western United States.
The solid earth tides are the periodic deformation of the solid 
earth, resulting principally from the gravitational attraction of the 
Sun and Moon. Since the driving force function for the solid  earth 
tides can be calculated quite accurately, the discrepancies between the 
observed and predicted tides contain important information concerning 
earth structure. The two principal tid a l components discussed in this 
study are the M2  semi-diurnal tide, and the 0-̂  diurnal tide. Except 
for being o f somewhat smaller amplitude, the M2  semi-diurnal tide at 
both sites compares favorably with the M2  theoretical tide. The small 
discrepancies between the observed and predicted M2  tide are compared 
with those expected from the tida l load calculations of Farrell and are 
found to be in poor agreement. These discrepancies appear to be more 
closely related to geologic ancl topographic structure near the strain- 
meter s ite . The 0-t diurnal tide is severely distorted in the east-west 
direction. This is lik e ly  due to the e ffe c t of the large 0q ocean-load 
tide along the Pac ific  coast o f North America acting on the heteroge­
nous crust o f the Great Basin. A comparison o f the differences in 
tida l amplitude and heat flow for several sites in the western United 
States suggests that tida l amplitudes are low in areas o f higher than 
normal heat flow. The average tida l phase lag for the. M2  tide was 
calculated and found to be 2.1° *  0.7°. This implies an e ffe c t iv e  
tida l Q o f about 10.
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Long-period crustal strains are the result o f tectonic processes 
in the Earth, and are associated with plate tectonics. Our strain 
observations at Round Mountain and Mina indicate that the strain, rates 
in this area o f the Great; Basin are less than 2 x 10  ̂ per year. These 
strain rates are considerably smaller than these observed in the v ic in ­
ity  o f the Nevada Test S ite, but are in agreement with estimated 
spreading rates and geodetic measurements in the Great Basin. The 
general agreement between strainiueter observations at Round Mountain 
and focal mechanism solutions o f nearby microearthquakes, suggest that 
we are observing strain accumulation in that area. Composite focal 
mechanism solutions for microearthquakes in the Mina area indicate NW- 
SE extension. Strain observations in that area also indicate long-term 
NW-SE extension. The observed strain rates are quite variable; however 
the long-term strain rate is  low, on the order o f a few parts in 10' per 
year. The strain rates are highest and most variable during periods of 
increased seismic a c tiv ity . The principal axes o f the observed strain 
are quite stable in time, however the sense o f the motion is  variable. 
There are periods of primarily NW-SE extension followed by periods of 
NW-SE contraction. This leads us to believe that strain in this area 
is  pa rtia lly  relieved by microearthquakes, p a rtia lly  relieved  by other 
inelastic  processes such as creep, and accumulating at a rate no greater 
than a few parts in 10' per year. Strain variations at the time of 




I .  STRAT.NMETER INSTRUMENTATION AND TECHNIQUE..................  1
Introduction ....................................................................  1
Strainmeter Instrumentation...........................................  9
Instrument and Data Quality...........................................  26
I I .  THE EFFECT OF OCEAN LOADING AND CRUSTAL AND UPPER
MANTLE STRUCTURE ON THE SOLID EARTH STRAIN TIDES. . . 42
Introduction . . . . . . .  .............................  . . . .  42
Nevada Tidal Strain Observations ................................  43
Ocean Tidal Loading. . . . . . . . . . . . . . . . .  46
Discrepancies in the Nevada Tidal Observations . . .  54
I I I .  TIDAL PHASE LAG ................................................................. 66
Introduction .............................    66
Tidal F r ic t io n ................................................................. 6/
Determination of Tidal Phase Lag ................................. 71
D iscussion ................................................................   78
IV. SECULAR STRAIN......................................................  85
Introduction .........................    85
Summary of Previous Work in the Western
Great Basin..........................................    85
Current Strain Observations. . . . .............................  96
Comparison of the Round Mountain and Mina
Secular Strain Observations, . . . . . . .  ............... 110
Regional Strain Fields in Southern Nevada..................  124
Strain Changes Prior to Earthquakes. .........................  132
iv
V
Observations of Crustal Deformation
Preceding Earthquakes...............................................
V. SUMMARY................................................................ ...  • • 159
Appendices
I .  The strain Tensor. ...............................................  163
I I .  Tidal Th eory .................. ... ................. ... ......................... ^66
BIBLIOGRAPHY. . . . . . .  . . . . . . . . .  ..................  • • • 175
1
CHAPTER I
STRAINMETER INSTRUMENTATION AND TECHNIQUE 
INTRODUCTION
The rocks o f the earth undergo deformation in response to tectonic 
stresses within the earth. This deformation resulting from stress is 
called strain. The strain experienced by a rock or any other material 
is related to the applied stress by Hooke's Law. Both stress and strain 
are second-rank symmetric tensor quantities and require six  independent 
measurements to be uniquely determined. However, for strains measured 
on a free surface, i . e . ,  the surface o f the earth, this three-by-three 
symmetric matrix reduces to a two-by-two symmetric matrix. Therefore, 
to measure the strain f ie ld  on a free surface uniquely, only three 
independent measurements are required.
The. study o f earth strain is important for answering basic scien­
t i f i c  questions and for practical questions. Strain observations help 
in understanding the e lastic  properties o f both the crust and in terio r 
of the earth. They also aid in understanding the forces causing the 
tectonic processes we see occurring at the surface o f the earth.
Tectonic, strain is  relieved by fracturing (earthquakes), ductile 
flow (fo ld in g ), and fau lt creep. Earthquakes, and to a lesser extent, 
fau lt creep have a s ign ifican t influence on the lives  of men. In 
recent years work has begun to predict earthquakes. The search fo r a 
method o f predicting earthquakes is  essentia lly a search for a sa tis ­
factory method of detecting and recognizing these strains. Earth
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strain observations may aid in the earthquake prediction problem.
The observation o f strains in the earth by direct measurement of 
changes in distance between two piers fixed on the surface o f the earth 
was f ir s t  attempted by Milne (1883). Milne's strainmeter consisted of 
two piers, three feet apart. To one p ier he fastened a rod which ex­
tended horizontally to within a small distance o f the second p ier. A 
lever system having a magnification o f s ix , recorded the. re la tive  
motion of the free end o f the. red with respect to the second p ier.
With this apparatus he was able to obtain traces of a few millimeters 
maximum amplitude for several large local events in Japan.
Oddone (1900) developed a system sim ilar to M ilne's. He increased 
the p ier separation to three meters and employed a hydraulic device for 
determining the re la tive  motion o f the two piers. To one p ier was f ix ­
ed a box o f water, with a hole in one side which contained a piston 
flex ib ly  coupled to the box with a diaphram. The other end o f this 
piston was rig id ly  coupled f -> the free end o f the rod. Movement of the 
rod re la tive  to the adjacent p ier changed the le v e l o f the liquid in a 
small glass tube in the top o f the box. The area of the piston was 
3600 times the area o f the inside diameter of the glass tube, conse­
quently.. the magnification o f the system was about 3600. Oddone was 
able to observe earth movement during the passage o f trains in the 
v ic in ity , but due to the lack o f an adequate recording system, he was 
not able to observe earth movement during the passage o f seismic waves.
The modern strainmeter was developed by Benioff (1935). Ben ioff's  
f ir s t  instrument employed a 20 meter iron pipe as a length standard, 
which was placed underground for thermal s ta b ility . As a transducer
for the strainmeter, Benioff used the magnetic ve loc ity  transducer 
which he had previously developed for short period, higli-gain seismo­
graphs. This transducer did not record true strain but a time d if fe r ­
ential o f strain. Thus, while he was able to record long period (to 
200 seconds period) surface waves, he was not able to record tida l 
strains or secular strain.
In order to increase the instrument response, to longer periods, 
and record permanent earth strains, Benioff (1955) replaced the stee l 
pipe length standard with a length standard o f fused quartz, and re­
placed the ve loc ity  transducer with a trave llin g  microscope in order to 
d irectly  read the output. Shortly thereafter, Benioff (1959) adopted a. 
double bowstring optical magnification system (Figure 1-1) for photo­
graphic recording, and fin a lly  a capacitance bridge transducer (Figure 
1-2) was settled  upon. This type o f transducer proved to be quite sat­
isfactory and is presently used on essentia lly  a l l  strainmeters o f the 
Benioff type, including those operated by the University of Nevada.
Several other systems for measuring linear earth strain have been 
developed, and these have been reviewed by King and Bilham (1973).
Sassa et al (1952) in Japan developed an instrument o f quite d i f ­
ferent design from the Benioff instrument (Figure 1-3). This consisted 
o f a thin invar wire stretched between two p iers, with a weight.attach­
ed to the middle of the wire. The suspended weight moved up and down 
in accordance with the change in the distance between the two fixed 
piers. The up and down movement of the weight is converted into the 
revolution of a mirror attached to the weight by means o f a b i f i la r  
suspension. This system was capable of high sen s itiv ity  and was
3
Figure 1-1. Double bowstring optical strain transducer 
for photographic recording (from Benioff, 1959).
Figure 1-2. Capacitance-bridge strain transducer, 
P=outer capacitor plates, F=center capacitor plates, 
Q=quart.z tube length standard (from Benioff, 1959).
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extremely simple. However, the sim plicity was marred by the in s tab ility  
o f the gain and the d iff ic u lty  o f calibration. Ozawa (1961) compared 
the Sassa instrument with one o f his own design which used a horizontal 
pendulum as a displacement transducer. This system proved to be supe­
rio r to Sassa’ s strainmater and capable o f good calibration.
Sydenham (1969) developed a constant tension wire strainmeter 
(Figure 1-4). An important feature o f his design was the use of a d if­
feren tia l transformer or mutual inductance bridge as a transducer. An 
inductive bridge may be made linear over a wide range and is  very in ­
sensitive to contaminants such as moisture and d ir t. The constant 
tension wire strainmeter system has been adopted by a number o f groups 
(Bilham and King, 1970; Sydenham, 1973; Gerard, 1973), and has shown 
i t s e l f  to be capable o f being incorporated in a portable strainmeter 
system of good calibration.
The uncertainty o f the dimensional s ta b ility  and the lim itation  of 
the instrument length, imposed by a solid  length standard led to an in­
terest in an optical strainmeter system. Vali e_t_ al_ (1964) f i r s t  pro­
posed using a laser fed interferometer with end mirrors attached to the 
earth, as an earth-strain detecton. As the end mirrors are displaced, 
the. fringe pattern resulting from the. combination o f the ligh t beams 
from each mirror sh ifts position. Photocells are used to observe a 
single fringe and to lock onto i t  using a servo system to adjust the 
position. One variation o f an optica l strainmeter is  shown in Figure 
1-5. Other designs have been developed by Van Veen et al_ (1966),
Shamsi and Stacey (1968), Bergen and Loveberg (1969), and-King et al 
(1969),
Figure 1-3. Sassa wire strainmeter with photographic 








Figure 1-4. Sydenham constant tension wire strainmeter 
(from King and Bilham, 1973).
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Strain and deformation in the earth can be measured ever a wide 
range using geodetic surveying. Reid (1911) f i r s t  used geodetic survey 
data to determine strain accumulation and release prior to and during 
the 1906 San Francisco earthquake. Since then, many others have used 
geodetic survey data to determine deformation o f the crust (Whitten, 
1957; Whitten and C laire, 1960; Kasahara and Sugimura, 1964; Savage and 
Burford, 1970; 1973). Hie procedure used in i t ia l ly  was to compare old 
and new survey data, and from this comparison, derive a displacement 
f ie ld  in the form of a displacement vector fo r each station. From this 
displacement f ie ld , the strain f ie ld  can be in ferred.
Frank (1966) showed that loca l shear strains may be derived d i­
rectly  from- every7 repetition o f a geodetic survey fo r each triangle in 
the survey network. His method has an advantage over the older method 
in that the analysis can be lim ited to a small region and therefore 
small adjacent regions can be compared. A second advantage is that 
since each triangle is  treated separately, errors cannot accumulate 
through the survey network.
The geodetic surveying method o f determining strain  has an advan­
tage over strainmeters in that the area over which the strain f ie ld  is 
determined is large compared to the dimensions o f the strainmeter.
Thus, local irregu la rities  w i l l  average out. The geodetic survey 
method is  at a disadvantage in that the observations are taken at dis­
crete points in time, usually at least one year apart. Strainmeters 
give a continuous picture o f variations in the strain fie ld , Strain­
meters -also have an advantage in that they are two to three orders o f 
magnitude more sensitive than are the geodetic surveying methods.
8
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Diagram of aa optica l strainmeter system.Lire* 1--5
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Geodetic, methods have been successfully employed in Japan 




The design o f the strainmeters insta lled  at Round Mountain and 
Mina is  basically the same as the design o f the strainmeters developed 
at the Colorado School o f Mines (Romig, 1967). The characteristics o f 
the three strainmeter components at each o f the sites are given in 
Table 1. A ll of the strainmeter components are 80 fee t in length, with 
the exception o f the 137° component at Mina, which is  only 40 fee t long. 
Each component consists o f four or eight, ten-foot sections o f fused 
quartz tubing, butted end to end. These are supported from concrete 
block piers by .015-inch diameter, stainless s tee l wire. The quartz 
tubes are s ligh tly  end-loaded, so as to remain in contact during mod­
erate accelerations (Figure 1-6). Since the sen s itiv ity  o f a strain ­
meter is proportional to its  length, the 137° component at Mina is  ha lf 
as sensitive as the other components.
The transducer consists o f a discriminator c ircu it driven by a 
high frequency (1-2 Mhz) o sc illa to r . The discriminator (Figure 1-7) 
consists o f a pair o f symmetrical LC resonant c ircu its . The output of 
this c ircu it is re c t ified  and f i l t e r e d . Capacitors Cl and C2 which 
control the. discriminator c ircu it are composed o f txtfo, two inch square 
plates fixed to the free end p ier, and. a center plate fixed to the 
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Figure, 1-6. Diagram of Nevada strainmater showing supports and 
method of end-load o f the quartz.
the tuned LC circu its is peaked, and then reduced back to the linear 
portion o f the. response curve. When the middle plate attached to the 
quartz is displaced, the capacitance o f one side w i l l  increase while 
the other side w il l  decrease. This produces either an increase or de­
crease in voltage across the two capacitors. Since the re c tific a tio n  
o f both circu its is positive with respect to the common center p late, 
the output signal from the o sc illa to r is the difference in the voltage 
of the two circu its. TIius at balance, the signal is zero. As the 
center plate moves, the polarity o f the signal indicates the direction 
of motion, and within the linear portion o f the resonance curve, the 
output voltage is  a linear function o f the displacement.
Since the capacitor sensors are arranged symmetrically, any fac­
tors which a ffec t the d ie le c tr ic  constant o f the a ir  gap w il l  either 
increase or decrease, the capacitance o f both capacitors Cl and C2
Figure 1-8. Response curve of the discriminator c ircu it 
illu stra tin g  the princip le o f operation.
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simultaneously and by approximately the same amount. This moves the 
operating point on the resonance curve in the same direction fo r both 
circu its. Thus, when the difference o f the two voltages is  taken at 
the output, the e ffects  o f changes in d ie le c tr ic  constant o f the a ir 
gap w ill cancel out.
Figure 1-9 illu stra tes  the mechanical portion o f the transducer 
assembly. The base is  fixed to the free end p ier, and supports the two 
outer lever arms. At one end o f the lever arms is  the yoke, which holds 
the two outer plates o f capacitors Cl and C2. These plates are mounted 
on ceramic insulators. The other end of the lever arm is  driven by a 
d iffe ren tia l micrometer mounted on the base. The two long arms and the 
three cross arms form a set o f parallelograms. Any subsequent deforma­
tion o f the geometry o f this assembly w i l l  leave any previously paral­
le l  members s t i l l  para lle l to each other. The ratio  o f the distance 
from the driven end of the base to the pivot versus the distance between 
the plate support and the pivot is  10:1. Thus when the driven end o f 
the transducer assembly is moved a given amount, the plates forming 
capacitors Cl and C2. w i l l  move one-tenth this amount. Because o f the. 
small motions involved, i t  is important that there be no looseness with­
in the hinges. This problem is  eliminated by machining the entire 
transducer assembly from a single piece of one inch thick brass, leav­
ing one-sixteenth inch wide segments to act as hinges.
During calibration, the outer lever arms are displaced a known 
amount by a micrometer which is  driven remotely by a motor. The motor 
is coupled to the micrometer by a bellows. Each time the micrometer 
makes one fu ll revolution, a microswitch is  momentarily activated and 
the output shorted. This produces a spike on the record indicating
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that the outer plates o f capacitors Cl and C2 have moved one-tenth o f 
the displacement o f the micrometer screw. A typ ical calibration  is 
shown in Figure 1-10. The drive motor is turned on at A and o f f  at B. 
The spikes (1 through 4) indicate that four revolutions o f the micro­
meter screw took place. We can now re late the amount o f displacement 
which the outer plates o f capacitors Cl and C2 underwent to the value 
on the chart recorder record and calibrate the instrument. A ll o f this 
can be done remotely without disturbing the strainmeter i t s e l f .  In 
addition, as the strainmeter d r ifts , the transducer can be rebalanced 
remotely by driving the outer plates to the new zero position.
The dynamic range o f the strainmeter system is  60 db. This is  
achieved by a recentering device in the recording system. When the 
recording pen on the chart recorders moves to within two inches o f the 
chart edge, a timing device is triggered. I f  the pen remains within two 
inches of the chart edge for two minutes, a known voltage is  added or 
subtracted from the signal from the transducer, to return the chart 
record pan to near the zero position. I t  is possible to add or subtract 
up to ten voltage segments. Each time a voltage segment is  added or 
subtracted from the signal going to the chart recorder, a counter is 
activated. This has been useful in recording secular strain during 
periods when the chart drive mechanism of the chart recorder is  not 
functioning properly. The two minute time delay was introduced so that 
short period strains such as from surface waves from large teleseisms 
would not trigger the recentering device.
15
Figure 1-10. Typical calibration curve o f the strainmeter system.
MINA STRAINMETER SITE
The strainmeter at Mina (MNN - Figure 1-11) is  located in the 
southeast part o f Mineral County, Nevada, near the western margin o f 
the Great Basin. The geology o f the area has been studied by Ferguson 
et al (1954), Ross (1961), and Albers and Stewart (1972). A summary of 
the geology is  shown in Figure 1-12. About 30,000 fee t o f structurally 
complex calcareous, c la s tic , and volcanic rocks o f Triassic and Juras­
sic  age are exposed in the central part o f the county. These are flank­
ed on the south by a few thousand feet o f calcareous and c la stic  rocks 
of Cambrian, Ordovician and Permian age. Into this sequence are in ­
truded granitic rocks which are probably associated with the Sierra 
Nevada batholith and would therefore be o f Cretaceous age. Overlying 
the Paleozoic and Mesozoic rocks are extensive areas o f Cenozoic
16
volcanic rocks ranging in composition from basalt to rhyo lite .
The structural history o f the area includes several periods o f 
folding and faulting. The orogeny which began in the early Jurassic 
was accompanied by much thrusting. Cenozoic deformation has consisted 
of both normal and strik e-s lip  fau lting.
The strainmeter s ite  is  located in the east front o f the Garfield 
H ills , in rocks o f the Excelsior Formation. The Excelsior Formation is  
primarily a volcanic assemblage composed o f flows, tu ffs  and breccias 
ranging in composition from rhyolite to andesite. There is  some doubt 
as to the age of the Excelsior Formation, but based on fo ss ils  from 
interbedded limestone lenses > Muller and Ferguson (1939) have assigned 
i t  to the Middle Triassic.
The Garfield H ills  were up lifted  and folded during the Triassic , 
and thus continued into the Jurassic. A notable feature o f the Juras­
sic orogeny was dominantly southward thrusting which took place along
Table 1-1. Characteristics o f the strainmeters at Round Mountain and Mina.
Strainmeter
Station latitude Longitude Elevation Length Orientatic




Mina, Nevada 38.44° N 118.15° W 1670 m 24 m 23.0°
24 m 74.0°
12 m 137.0
Figure 1-12. Geologic map o f the Mina area
-.— ■*•.-•.,/»> ...
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several planes (Figure 1-12). The intrusion o f the gran itic  rocks 
probably took place in the Cretaceous.
Ross (1961) reports that Tertiary and Quaternary fau lting was o f 
minor importance in the Garfield H ills . He found that only along one 
small segment o f the range southwest o f Luning was there physiographic 
evidence for a range-front fau lt. Along the north side o f the range 
the front is irregular and subdued and shows no sign o f fau lt movement. 
However, Nielsen (.1965) has found evidence for s ign ifican t righ t- 
latera l s trik e-s lip  fau lting in the Garfield H ills . He fee ls  that the 
P ilo t Mountains, Garfield H ills , and Soda Springs Valley have been 
sliced into blocks by northwest-trending fau lts. There has been ap­
proximately .12 miles o f r igh t-la te ra l movement across this fau lt zone, 
as indicated by o ffsets  o f pre-Tertiary structures and stratigraphic 
units. This la tera l fau lting may have begun la te  in Miocene time and 
continued to the Recent.
The tunnel in which the strainmeter s ite  is  located is  driven 
about 600 feet into the side o f a. h i l l .  The depth o f burial at the 
instrument location is  about 2.50 to 300 fee t. A map view and a cross- 
section o f the topography at the s ite  are shown in Figure 1-13. The 
recording room is located at. the entrance to the tunnel, and three ther­
mal doors are located between these and the strainmeter location 
(Figure 1-14).

Figure 1-14. Diagram of the Mina strainmeter installation .
ROUND MOUNTAIN STRAINMETER SITE
The strainmeter at Round Mountain (RDM - Figure 1-15) is located 
in the northern part o f Nye County, in central Nevada. The topography 
o f this area is characterized by alternating, north-south-trending 
ranges and va lleys. The ranges average about 10,000 feet in elevation 
and the valleys have an elevation o f about 5,000 to 6,000 fee t.
The geology o f this 3rea has not been studied in great deta il. 
Preliminary geologic mapping has been done by Ferguson (1921), Ferguson 
and Cathcart. (1954), and Roberts et a_l_,, (1967), Figure 1-16 shows the 
general geology in the v ic in ity  of Round Mountain.
22
Figure 1-15. Location of the Round Mountain strainmeter installation  
(RDM),
Ferguson and Cathcart (1954) find that there were at least two 
periods of major folding. The f ir s t  period involved Cambrian and 
Ordivi.cian rocks and was prior to Permian time. The second period of 
deformation -was more intense, and was assigned by them to the Jurassic. 
This affected rocks no younger than Permian in the Toiyabe Range, with 
the exception of the southern end o f the range, where Upper Triassic 
rocks were thrust over Lower Jurassic rocks. In the Toquima Range only 
Cambrian and Ordovician rocks were a ffected. In the Toiyabe Range
Figure 1-16. Geologic map o f the Round Mountain area.
*.* 4 -  t f . i r t s  3- .* » ;  7s
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several large steep fau lts, along which movement is believed to have 
been largely horizontal, bound blocks in which there has been intense 
folding and eastward thrusting. In the Toquima Range a thrust fau lt, 
dipping to the south and southwest, has carried Cambrian rocks over 
Ordovician rocks. The folding of the Jurassic was followed by granitic 
intrusion. Tertiary history involved a succession of lava flows o f 
varied composition.
The present form o f the ranges results from normal fau lting. On 
the crest of both the Toiyabe Range and the Toquima Range there are 
remnants o f an older topography which is more mature than the present 
topography, but s t i l l  o f considerable r e l ie f .  The most recent episode 
o f fau lting was a renewal o f a c tiv ity  along the same zone as the 
ea rlie r faulting.
The strainmeter s ite  is on the west flank o f the Toquima Range.
The range slopes gently towards Big Smoky Valley and Round Mountain 
rises through the va lley  f i l l  near the margin o f the range The summit 
of Round Mountain is about 700 feet above the leve l of the va lley  at 
its  base. The mine in which the strainmeter is located is an abandoned 
gold mine on the south side o f Round Mountain. This mine is in rocks 
o f the Oddie Formation, a rhyolite o f Pliocene age (Ferguson and Cath- 
cart, 1954). A map view and a cross-section o f the topography at the 
s ite  are shown in Figure 1-17. The recording room is on the 200 foot 
leve l o f the mine, while the strainmeter is located on the 400 foot 
leve l. A ir circulation is reduced by several thermal walls and doors 
(Figure 1-iS ).
Figure 1-17. Topography in the v ic in ity  o f the Round Mountain (RDM) 
s trainmete r installation .
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Figure 1-18. Diagram o f the Round Mountain strainmeter in sta lla tion .
INSTRUMENT AND DATA QUALITY 
STABILITY OF THE QUARTZ LENGTH STANDARD
Before proceeding further, we must discuss the d if f ic u lt ie s  in ­
volved in making strain measurements, /is mentioned previously, what we 
would lik e  to do, and what we try to do is compare the position of two 
points marked on the earth's surface with a stable length standard.
The. d iff ic u lty  in this procedure is  obtaining a stable length standard. 
Bostrom (1970) has discussed at length the problems o f obtaining a 
stable length standard. Any in s tab ility  in the length standard w ill  




The length standard chosen for use in the strainineters operated by 
the University of Nevada consists o f fused quartz tubing. Before dis­
cussing the observations made with these instruments, we must discuss 
the factors influencing the s ta b ility  o f our chosen length standard.
Almost a l l  materials expand when heated. Quartz has a small co­
e ff ic ien t of thermal expansion (5 .5xlO“ 7cm/°C) compared to most other 
materials. This is  why fused quartz has been chosen as the standard of 
length in most present strainmeter installa tions. Figure 1-19 is  a 
plot of the thermally induced strain versus the change in temperature 
which the quartz strainmeter experiences. From this we can see that to
O
measure strains o f a few parts in 10 over a long period of time, the 
temperature must be held stable to a few hundredths of a centigrade 
degree over this same period o f time.
Atmospheric pressure variations w i l l  also cause a quartz rod to 
undergo a change in length. The Young's modulus o f quartz is 7.2x10^' 
dyne/cm". The pressure induced.strain versus change in atmospheric 
pressure acting on the quartz length standard is shown in Figure 1-20. 
This figure indicates that to measure strains o f a few parts in 10^, 
the atmospheric pressure must be held constant to within a few hun­
dredths of a bar.
F inally, the quartz length standard w ill  be affected by humidity 
in two ways. F irst, the surface tension of a water film  on the quartz 
w il l  cause s ligh t changes in its  length, but these w il l  be quite small. 
The second e ffe c t is much larger. E. F. Homuth (personal communication, 




Figure 1-2C. Apparent strain induced by pressure variations (from Handbook o f Chemistry and 
Physics ) .
rovo
the pressure and temperature constant, w il l  induce strains of a few 
parts in .10̂ . Increasing the humidity causes compressional strains, 
while decreasing the humidity w il l  cause extensional strains. The 
processes causing this are not well understood, but this is possibly a 
chemical reaction between the water and quartz. Homuth found that the 
time constant for a step change in humidity o f 40 percent was about 
20 hours.
Both temperature and atmospheric pressure variations w il l  in tro­
duce noise in tidal strain observations since both of these have va ri­
ations at tida l periods. For secular strain measurements, the effect, 
o f temperature variations is more important than the e ffe c t of pressure 
variations. Over a period of several years, the atmospheric pressure 
is fa ir ly  stable, with the variations being essentia lly random and with 
no long-period component. Temperature variations due to weather and 
the seasonal cycle w il l  also cancel over long periods of time but the 
atmospheric temperature can have long-period components sim ilar to the 
desired strain signal.
The mines in which the strainmeters are installed  are sealed with 
thermal walls to damp out short-term temperature and pressure changes. 
At both in sta lla tion s, the sealing of the mines has apparently caused 
the temperature to rise s ligh tly . This probably results from the fact 
that wehn a ir is free to circulate in the mine, the a ir temperature is  
s ligh tly  lower than the rock temperature. When the a ir  circulation is 
cut o f f ,  the temperature o f the a ir  gradually rises to the temperature 
o f the rock. For the three sealed mines in Nevada in which we have 
temperature measurements, the temperature is remarkably constant,
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6-*- -1 '2-> 1 • The a ir temperature in a comparable part o f the mine at
Round Mountain which has not been sealed o f i  is A7°F. The temperature 
e ffe c t  caused by sealing the mines probably dies out on the order o f 
several month to a year, and a fter this the temperature is apparently 
quite stable.
While the e ffe c t o f humidity changes is large, this w i l l  probably 
not greatly a ffect quartz strainmeters located in deep mines. Most 
deep mines which are sealed are at or near to 100 percent re la tive  
humidity, and vary l i t t l e  over time. Hie in it ia l  e ffe c t o f concrete 
curing which several authors have cited may very well be the e ffe c t o f 
rising humidity a fter the vault was in i t ia l ly  sealed. Humidity va r i­
ations would, o f course, have a sign ificant e ffec t on trench and near­
surface strainmeter installations, where large variations in the 
re la tive  humidity may take place.
One other point must be discussed, and that concerns the dimen­
sional s ta b ility  of fused quartz. The long-term s ta b ility  o f fused 
quartz must be suspect because i t  is  in a vitreous state, and lower 
energy states are available in the form of crysta lline quartz. The 
d ev itr ifica tion  with age in the geologic column o f glassy materials 
demonstrates the in stab ility  o f material in this condition. In addi­
tion, because o f its  vitreous state, fused quartz wild flow with time. 
L it t le  is  actually known of either o f these, however, they are probably 
small over the time periods we w il l  be concerned with. Hence, by 
lim iting our discussion to long-period strains o f no less than 10" , 
we can ignore the e ffects  of dimensional in s tab ility  in the fused- 
quartz length standard.
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QUALITY OF THE STRAINMETER DATA
It  is important to establish the quality o f the strainmeter s ite  
before the resulting data can be used for geophysical research. In 
determining the quality of the strainmeter s ite , two things must be 
considered: the coupling o f the strainmeters to the earth, and the
environmental factors that may influence the performance o f the strain- 
meters. We can gain insight into the s ite  conditions by recording a 
known signal and comparing our observations with the expected results, 
and by monitoring environmental quantities, such as temperature and 
barometric pressure, which influence the strainmeter. Then we can 
compare these quantities with the observed strain data.
Fortunately, we have a known input signal into the earth in the 
form of the solid-earth tides. The solid-earth tides are the periodic 
deformation o f the solid  earth resulting principally from the gravi­
tational attraction of the sun and moon. The forces causing the defor­
mation are w?ell known from astronomical observations, and therefore i t  
is  re la tive ly  easy to predict the response of a point, on the earth's 
surface to tida l forces. The tida l theory is outlined in Appendix I I .
Figure 1-21 is  a comparison o f observed strain tides wTith  those 
predicted from the theory o f Appendix I I .  As pointed out by Smith and 
Kind (1972a), a direct comparison between observed and calculated tida l 
strains is an indication o f the quality of the coupling o f the strain- 
meters to the earth. This also gives some measure o f the e ffe c t  o f 
loca l inhomo genet i  e s near the site, which may distort the tida l strain 
fie ld . The visual comparison of observed and theoretical tida l strains 
for each component indicates that the coupling is quite good and that
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Figure 1-21. Comparison of the observed strain with those predicted 
from tida l theory for Round Mountain and Mina.
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neither s ite  is  affected by inhomogeneties which strongly d istort the 
strain fie ld .
Figure 1-22 is a comparison of the power spectra o f the observed 
and theoretical t ida l strains for each o f the s ix  components. I t  is 
important to examine the relationship between the observed and theo­
re tica l tides near 12-hour and 24-hour periods. The S (24.00 hour 
period) and S2  (12.00 hour period) tides contain the e ffects  o f the 
thermal and atmospheric tides, while the 0-̂  (25.6 hour period) and M2 
(12.42 hour period) tides w il l  be free of such e ffec ts . Poor corres­
pondence between the observed and theoretical tides near these periods 
may indicate poor s ite  conditions such as would result i f  the s ite  were 
affected by diurnal thermal and barographic e ffec ts . Such e ffects  
would appear as a larger ra tio  of Sp and S2 energy re la tive  to Op and 
M2 energy in the observed spectra. The agreement between the re la tive  
amplitudes o f M0 and S2 for the observed and theoretical tides is quite 
good at Pumnd Mountain.
The observed amplitudes of both the M2 and,S2 tida l components at 
Mina are about ha lf of their predicted value, and this w il l  be discussed 
further in Chapter 2. However, the re la tive  amplitude o f the observed 
S2 tide to the observed M2 tide is  sim ilar to that o f the predicted M2 
and S? tida l components.
The relationship of the tida l components near 24-hours period is 
not quite as good. The amplitude of the observed tida l components near 
24-hours varies as a function o f azimuth. For east-west observations, 
the amplitude of the 0-̂  and Pj S, t ida l lines is  approximately equal 









Figure 1-22. Comparison o f the observed and theoretical t ida l spectra 
for Round Mountain and Mina.
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amplitudes o f 0̂  and tida l lines are about 50 percent o f the
predicted amplitude. This e ffe c t w i l l  be discussed further in conjunc­
tion with the problem o f ocean tida l loading and o f crustal and upper 
mantle anisotropy in the Great Basin, in Chapter 2. I t  is  d if f ic u lt  to 
compare the 0  ̂ and tides since for the data samples available,
(24.06 hours period), (24.00 hours period), and (23.93 hours 
period) are not separable. However, from the observed spectra, we can 
see that the observed component cannot be abnormally large.
From these observations we conclude that neither the Round Moun­
tain nor the Mina strainmeter installa tion  suffers from diurnal thermal 
or barographic contamination.
LONG-TERM ENVIRONMENTAL STABILITY OF STRAINMETER SITES
It  is  much more d if f ic u lt  to evaluate the long-term environmental 
s ta b ility  o f strainmeter installations. As an example of th is , Figure 
1-23 shows a comparison o f the observed strain at Round Mountain and 
Mina, and from six strainmeter sites described by Shopland (1970) and 
located in the v ic in ity  o f the Nevada Test S ite. The data from the NTS 
strainmeter array shown in Figure 1-23 is from Smith and Kind (1972b) . 
The strains observed at the NTS strainmeter array are, in general, one 
to two orders of magnitude greater than the strains observed at either 
Round Mountain, or Mina. The bottom trace on Figure 1-23 is  the a ir 
temperature measured at a weather station near the NTS strainmeter 
array. Burins the period from early December to mid-January there is 
a general cooling trend. During the same time, most of the strain-




3 ^  TEMPERATURE
Figure .1-23, Comparison of data from the shallow strainmeters o f the 
NTS strainmeter array, Round Mountain, and Mina. Bottom trace shows 
a ir temperature in the v ic in ity  o f the NTS strainmeter array.
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mid-January, the temperature trend reversed, and there is a general 
warming trend. During this period o f time. most, strainmeters o f the NTS 
array indicate compressional strains. A ll o f the instruments o f the 
NTS strainmeter array are either in shallow mines ( i . e .  mine entrances) 
or trench s ites . The large fluctuations in strain observed on the NTS 
strainmeters compared to the Round Mountain and Mina strainmeters, 
probably re fle c t the depth o f burial, and are due to seasonal tempera­
ture variations.
The e ffe c t o f seasonal temperature variation is more readily seen 
on the Colorado School of Mines/National Oceanic and Atmospheric Admin­
is tra tion 's  instruments which are also located in the v ic in ity  o f the 
Nevada Test Site (Figure 1-2^). These instruments were also trench 
strainmeter installations. The data shown has a seasonal strain va ri­
ation o f several parts in 10“ and some o f the CSM/NOAA instruments show 
seasonal strain variations o f lxlO-4 . Figure 1-25 is  the long-term 
strain observed at Round Mountain and Mina. Any seasonal strain va ri-
O
ation must be smaller than a few parts in 10°.
This comparison indicates that deep burial is  very important in 
making long-term strain observations. Trench instruments and even 
shallow mines do not provide su ffic ien t thermal insulation over long 
periods o f time and are apparently o f l i t t l e  use in determining long­
term tectonic strain rates.
We have made temperature observations at Mina since the strain­
meter became operational, in January, 1971. During this time there 
have been no long-term temperature variations observed. However, the 
sen s itiv ity  of the temperature recording system is quite low (a few
39
Figure 1-24. Secular strain data from trench strainmeter installation  
at Scotty's Junction, Nevada operated by the Colorado School o f Mines. 
Arrows indicate inconsistencies in the data (from W illis , et a l , 1973)
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hundredths o f a degree, centigrade). We have made intermittent temper­
ature observations at Round Mountain and have seen no long-term va ri­
ation. The low strain rates observed at both sites substantiate the 
fact that the temperature at both sites is quite stable.
From these observations and the tida l strain observations, we con­
clude that the strainmeters at Mina and Round Mountain are w ell coupled 
to the crust and re la tive ly  free of environmental disturbances. Short 
period strains and tida l strains o f several parts in 10° are above the 
noise leve l. Strains with periods ranging from weeks to years and with
O *7
amplitudes o f several parts in 10° to one part in 10' should be s ig n i f i ­
cantly above the noise leve l, We conclude that these instruments are 
useful for t ida l research and for observing tectonic stra in .
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CHAPTER I I
THE EFFECT OF OCEAN LOADING AND CRUSTAL AND UPPER MANTLE 
STRUCTURE ON THE SOLID EARTH STRAIN TIDES
INTRODUCTION
The solid  earth tides are the periodic deformation o f the solid  
earth, resulting principally from the gravitational attraction of the 
sun and moon. This deformation manifests i t s e l f  by a rise and fa l l  of 
the surface by about 25 cm. in the mid-latitudes and by as much as 50 
cm. near the equator. The period icity of the gravitational potential 
at any point on the surface o f the earth is  due essentia lly to the 
rotation o f the earth in the lunar and solar gravitational fie ld s .
This gives rise to tides with diurnal and semidiurnal periods of about 
24 and 12 hours. Since the lunar and solar orbits are e l l ip t ic a l  and 
d iffe r  from the earth's equatorial plane, there are longer-period tides 
as w ell as beats between the semidiurnal and diurnal components. These 
periods are more than 10 times longer than the period (54 minutes) of 
the lowest-order free osc illa tion . Therefore, the periodic tida l de­
formation can be treated as a sta tic  deformation o f the solid  earth, by 
forces which are. well known from astronomical observations. This is  
not the case for the highly irregular ocean tides. Both the phase and 
amplitude o f the ocean tides are modified by the shape o f the ocean 
basins. The ocean tides can seriously disturb observations o f the 
direct e ffe c t  o f the so lid  earth tide through the response o f the earth 
to loading e ffec ts . The observation o f both the direct tida l e ffec t 
and the loading e ffe c t gives information about the e la s tic  properties
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of large sections o f the earth.
The general nature of the tida l strain observations at Round Moun­
tain and Mina were discussed in Chapter 1 in connection with the quality 
of the strainraeter s ites . In this chapter we w il l  investigate the e f­
fect o f ocean loading and crustal and upper mantle structure on tida l 
observations in the Basin and Range. In Chapter 3 we w ill  investigate 
the t ida l phase lag.
NEVADA TIDAL STRAIN OBSERVATIONS
Figures 1-21 and 1-22 o f Chapter 1 present examples o f tidal, strain 
observations at Mina and Round Mountain in both the time and frequency 
domain, and compare these observations with the predicted values based 
on the theory o f Appendix I I .  The frequency domain comparison of the 
observed and theoretical tides shows two things. F irst, the observed 
M2  tida l amplitudes at Mina are about 50 percent smaller than the ampli­
tudes predicted for the Gutenburg-Bullen earth model. The observed 
amplitude of the M7 tida l line at Round Mountain is about 75 percent of 
the predicted value. Malone (1972) f ir s t  recognized this fa c t, and 
found that the value of Love's number h and Shida's number 1_ are .45 
and .039 respectively for Round Mountain and .32 and .028 respectively 
for Mina.
Secondly, the comparison of the observed and theoretical tida l 
spectra shows that for east-west azimuths, the observed amplitude of 
the 0j tida l component at both stations agrees with the theoretica lly  
predicted amplitude. However, the agreement becomes progressively 
worse as we approach north-south azimuths. For these azimuths, the
observed amplitude j.s as much as 50 percent smaller than the theoret­
ica lly  predicted amplitude.
Since we have made observations in three independent directions, 
we can combine these values to compute the value of the observed strain 
in any other azimuth. This has been done and the results are shown for 
the M2  and tida l lines in Figure 2-1. This figure shows that the 0̂  
tida l amplitude at both stations is  reduced by approximately 50 percent 
in the north-south direction compared to the theoretical amplitude, and 
approximately equal to the theoretical amplitude in the east-west d i­
rection. Figure 2-1 shows that not. only is the value o f the observed 
M2  amplitude smaller than the theoretical amplitude, but that the azi­
muthal pattern at both stations is  s ligh tly  rotated with respect to the 
theoretical azimuthal pattern. In the case of Mina, the pattern is  ro­
tated about 20° to the west, and in the case o f Round Mountain, the 
pattern is  rotated about 25° to the east.
The theoretical values with which the observations are compared 
assume that the earth is spherical, that i t  has no oceans on its  surface, 
and that its  physical properties vary only as a function of the radius.
In addition, i t  assumes that the earth reaches equilibrium with the tide, 
generating force instantaneously so that the phase lag of each tidal 
component is  zero. The ratio of the observed tida l amplitudes on the 
ideal earth assumed in the model to the theoretical equilibrium tida l 
amplitudes would be the same at a ll  points on the earth's surface. The 
observed tidal strains are affected by both the. ocean tides and the geo­
log ic  structure in the v ic in ity  of the observation point. Kuo and 




Figure 2-1. 0̂  and ML tida l amplitude as a function o f azimuth for
Round Mountain and Mina.
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tida l gravity in the eastern United States, and found that the geologic 
e ffe c t was o f secondary importance to the ocean loading e ffe c t. Thus 
we w il l  f i r s t  consider the discrepancies in the Nevada strain 
observations in ligh t of ocean loading.
OCEAN TIDAL LOADING
I f  the earth had no oceans or i f  the ocean tide were in eq u ilib r i­
um with the tida l potential, and i f  the physical properties o f the 
earth varied only as a function of its  radius, a few observations would 
be su ffic ien t to obtain a ll possible information about the. so lid  earth 
tide. However, the observed earth tides are complicated compared to 
the theoretical equilibrium tide because they a re 's ign ifican tly  per­
turbed by the loading o f the highly irregular ocean tides. The load 
tides are d if f ic u lt  to distinguish from the body tide because their 
temporal characters are sim ilar, both being the result o f the same driv­
ing force. The spatial behavior of the two tides is quite d ifferen t; 
the bod)’- tide varies smoothly over the surface o f the earth whereas the 
ocean load tide has a discontinuity at the coast lin e s . Studies of 
tida l gravity (pertsev, 1570; Kuo et_ al_, 1970), tida l t i l t s  (Lambert, 
1970), and tidal strain (Berger and Loveburg, 1970; Berger, 1973) have 
shown the importance of the ocean loading e ffec t.
Kuo et al (1970) studied the e ffec t o f ocean tida l loading on tida l 
gravity for a p ro file  of nine gravity stations across the United States. 
Their study showed that the observed values o f the gravimetric factor 
and phase of the Gj and tida l components do indeed follow  a defin ite  
pattern with respect to the distance o f the observation point from the
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ocean. Figure 2-2 is from their study and shows the re la tive d if fe r ­
ence o f the gravimetric factor in percent, and of the phase K in 
degrees, for the 0-̂  and M0 tides. This shows that the ocean loading 
e ffe c t on gravity amounts from approximately 10 percent at the coast to 
almost zero for the in terior of the continent.
Due to the more complex instrumentation required, there have been 
no comprehensive studies of the e ffec t o f ocean loading on tida l strain 
or t i l t .  However, studies near the coast show that the ocean load can 
be responsible for as much as 35 to 40 percent of the strain tide 
(Berger and Loveburg, 1970) and as much as 90 percent of the t i l t  tide 
(Lambert, 1970; Beaumont and Lambert, 1972).
THEORY OF TIDAL LOADING
Several workers have recently advanced the theory of ocean tidal 
loading (Longman, 1962: 1963; Hendershott and Hunk, 1970; Hendershott, 
3.972; Farre ll, 1972b), and Farrell (1973) has summarized these results.
Since the deep ocean tide is  presently unknown, a model o f the 
tide must be adopted. Farrell (1973) adopted the numerical model of 
Hendershott (1972) who solved the Laplace tida l equations subject to 
boundary conditions by a fin ite  difference scheme. The boundary condi­
tion applied was that the calculated tide matched the observed tide 
a1ong a l l  coast1ines.
The Laplace tida l equations are not separable because o f the 
Coriolis force associated with, the earth's rotation. They can be 
combined into a single equation
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Figure 2-2. Gravimetric factor and phase of the Oj and H2 tide as a 
function o f the distance from the Atlantic and Pac ific  Oceans 
(from Kuo et a l, 1970).
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where L (2-1) is an e l l ip t ic ,  partia l d iffe ren tia l operation and to the 
radian frequency (Hendershott, 1972). The dependent variable is
Z*H-«(wa/3) — (p/9) (2-2)
where H is  the water amplitude measured with respect to the deformed 
sea floo r. Z is fixed along the coast lines because H must correspond 
to the observed tida l amplitude. In equations (2-1) and (2-2), W2 is 
the potential o f the astronomical tida l driving force at latitude © and 
east longitude <f> . a is given as
a = 1 + k - h (2-3)
where k and h are the dimensionless Love numbers describing the earth's 
e lastic  y ie ld ing to the tida l potential Wo. P in equations (2-1) and 
(2-2) is  the s e lf  potential of the tida l water plus the potential fie ld  
created by the earth’ s e lastic  deformation under the. weight of the 
tidal load.
R ea lis tic  solutions to equation (2-1) can be obtained for oceans 
of irregu lar outline and variable depth when P = 0. Since P is  an 
integral function of the unknown solution H, i t  is much more d if f ic u lt  
to account for the s e lf  attraction and loading. I f  r and f '  are 
position vectors on the earth's surface, P is the density of sea water, 
and G is a gravitational potential Green's function; then P can be 
written as the convolution integral
FC-rq - e ff OC^-r'l) H (*> j A (2-4)
The Green's function G can be calculated for any rad ia lly s tra t ified  
earth model, by solving the e la stic  and Poisson's equations with the 
boundary, condition that a unit mass press on the earth's free surface 




where a is  the radius of the earth, g is the surface value of gravity, 
and ME is  the to ta l mass of the earth. Once we have obtained the 
Green's function from equation (2-5), equation (2-1) can be solved 
ite ra tiv e ly . From
(2-6)
we obtain a value of P which is used to solve for Z in equation (2-1) 
and this value o f Z is  used to solve for a new value of II using equa­
tion (2-2), This procedure can be repeated until the change in H is  
su ffic ien tly  small.
Boussinesq (1885) f ir s t  discussed the problem of a point surface 
load on a nongravitating, e las tic  half-space. Several workers have 
recently extended this to the case o f the spherical earth (Longman, 
1962; 1963; Kaula, 1963; Farrell, 1972b). The following is a summary 
of the method used by Farrell (1972b) to compute the strains due to the 
ocean load.
The equations o f motion, Fourier transformed with respect to time, 
are the linearized equations for the conservation of linear momentum 
and Poisson's equation
V * <p ~ -  4*nr & v - (.Ps ) (2-7)
given by Backus (1967). In these equations p is the density and g is 
the gravitational acceleration in the absence o f any motion; s is the 
displacement vector, T is the stress tensor, and 0 is the perturbation
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in the ambient gravitational potential d  , plus the potential of any 
externally applied gravitational force fie ld  <&.. Since the externally 
applied force f ie ld  is created by matter outside the earth, its  poten­
t ia l sa tis fie s  Laplace's equation within the earth and i t  appears ex­
p l ic i t ly  only in the equations of motion through the free--surface 
boundary conditions.
Equations (2-7) are to be solved for spherically symmetric earth 
models whose properties are only a function of the radius. At the free 
surface the tangential stress vanished and the equation for the to ro i­
dal motion drops out, leaving the spheroidal equations in the. three 
scaler variables Sr , Se , and . S and ?> are now expanded in vector 
spherical harmonics. Because the surface load is axia lly  symmetric, 
the solution does not depend on longitude, therefore only Legendre 
order M = 0 occurs in the expansions which are given by
where and are the components o f the displacement. The stress-
strain relations are used to introduce the two stress variables Tyr 
and -Vre and a third variable, related to the potential gradient, is 
defined by
( 2- 8 )
(2-9)
Using the transforms o f Trr > ro and 2 ,Wlm , TV©,'" an  ̂ Q” 5 equation 
(2-7) can be written as the matrix equation
A Y ( 2- 10)
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where Y - ( , \z„ , ryyl/n>Tr0 A,} > , where t denotes transposi­
tion; and where A is  a 6x6 coeffic ien t matrix depending on the frequen­
cy ̂  , the position r, the order M. the la titu de© , the rigidity/*, and 
the density P.
Farrell (,1972b) solved equation (2-10) for Y, for the case whereo 
js the frequency o f the semidiurnal ride, and subject to the boundary 
condition that a surface force is  applied by a mass * which represents 
the M2  ocean ride model o f Hendershott (1972) described above.
A model for the 0-^ocean tide has not yet been completed, hence, 
calculations sim ilar to those for the M2  ocean tide cannot be carried 
out. Therefore, we can only compare the loading e ffec t of the (h ocean 
tide to the ocean tide in a qualitative way. The ocean tides o f f  the 
Pacific  coast o f North America w il l  have the. greatest influence on the 
tida l strain observations made in the western Great Basin. Fortunately, 
tides in this area are. better known than anywhere else due to the work 
of Munk ert a l (1970). Figure 2-3 compares the amplitude and phase of 
the 0X and M2 ocean tides along the Pacific  coast of North America.
The two tides are quite d ifferen t in character. Tire M2  tide f i t s  a 
model which is  trigonometric along the shore, decays exponentially o ff  
the coast, and travels up the coast from south to north. The 0-̂  ocean 
tide has nearly equal phase a l l  along the coast, and the amplitude dies 
o ff much slower away from the coast; hence the 0̂  ocean tide involves u 
much greater mass o f water than does the M2  ocean tide, and we may ex­
pect the 0  ̂ load tide to have a much larger e ffec t on tida l strain 





2-3. Comparison of the and C).( ocean tides (adapted from 
i. a l, 1970).
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DISCREPANCIES IN THE NEVADA TIDAL OBSERVATIONS
THE EFFECT OF OCEAN LOADING ON 
NEVADA STRAIN OBSERVATIONS
Figures 2.-4 and 2-5 are tidal phasor diagrams for the M0 and 0 
tidal lin es, respectively. This type o f diagram indicates the ampli­
tude and phase of the observed tida l component, re la tive to the theo­
re tica l equilibrium tide. Thus for the f ir s t  phasor diagram shown in 
Figure 2-4 (Round Mountain -35), the observed tide indicated by Op is 
about 85 percent o f the theoretically predicted amplitude, and lags the 
theoretical tide by 15 degrees.
Based on the tida l loading theory outlined above, Farrell has com­
puted the theoretical values o f the M? ocean tida l load strain for 
Round Mountain and Mina (Fa rre ll, written communication, 1973). In 
this calculation he has employed the ocean tide model of Hendershott 
(1972) and the continental shield structure o f Harkrider (1970). The 
values of the M? ocean-tidal-load strain vectors are indicated in Fig­
ure 2-4 by the L. I f  the discrepancies between the observed and theo­
re tica l tides are due simply to the ocean loading e ffe c t, the d if fe r ­
ence vector between the observed and theoretical tide would be equival­
ent to the ocean loading strain vector. In a ll cases, the observed 
tide is  in better agreement than would be expected on the basis o f the 
ocean load calculation.
Figure 2—5 gives the tidal phasor diagrams for the 0̂  tida l compon­
ent, As mentioned in the previous section, there, are no models ava il­
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Figure 2-4. M2  tida l phasor diagram for Round Mountain and Mina 
T - theoretical tide, 0 - observed tide, L - load tide.
o. T i d a l  p h a s o r
POUND MOUNT IAN
Figure 2-5. 0| tida l phasor diagram for F.ound Mountain and Mina
T - theoretical tide, 0 - observed tide.
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loading e ffe c t  cannot be calculated. The agreement in phase between 
the observed and theoretical tide is not as good as for the M2 tida l 
component. We saw in Figure 2-3 that the 0̂  ocean tide along the 
Pacific  coast ot North America involves a greater mass o f water compared 
to the M2  ocean tide. The ocean load tides along the Pacific  coast w ill 
certainly have the greatest e ffe c t on the tidal strain observations made 
in Nevada. Thus we may expect the 0-̂  load tide to have a greater e ffec t 
than the M2  load tide for observations in the western Great Basin.
Figure 2-6 shows the data in a s ligh tly  d ifferent way. The f ir s t  
set of diagrams shows the azimuthal distribution of the theoretical ex-
J
tensional load strain for Round Mountain and Mina. Next is the resid­
ual M2  t id a l strain ; that is , the M2 observed tida l strain minus the M2 
theoretical t id a l strain. Again the agreement between the load strain 
and the residual tida l strain for each of the two stations is poor.
The last set o f diagrams is the residual strain. These indicate that 
the 0j_ tide is  enhanced in the east-west direction re la tive to the 
north-south direction.
The observed discrepancies for the On tida l strain may be due to 
ocean loading. Figure 2-3 shows that the 0  ̂ ocean tide is  a p iling up 
of a large mass o f water a l l  along the Pacific  coast o f Nortn America.
Figure 2—6 shows that the 0  ̂ tide is  enhanced in the east-west direc­
tion. This is  possibly the result o f the load of ocean water along 
the coast.
Assuming that the tida l loading theory (Farre ll, 1972b; 1973) is
correct, we can conclude from Figures 2-4 and 2-6 that, at least for
between the observed andthe M2 tid a l component, the discrepancies
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theoretical tides are not explained by the tida l loading e ffec t. How­
ever, Farrell (1972a) has shown that this theory of ocean-tidal loading 
accounts for most of the irregu la rities  in the 1GY tidal gravity data. 
King and Bilhain (King, personal communication, 19 74) have used this 
theory to almost completely explain the discrepancies in tida l strain 
observations in Great Britain. Hence, while the theory appears to be 
basically correct, i t  is  apparent that i t  does not apply entirely to 
the Nevada observations and that some other factor is influencing these 
observations.
THE EFFECT OF GEOLOGIC STRUCTURE 
ON TIDAL STRAIN OBSERVATIONS
Kuo and Ewing (1966) studied the e ffec t o f geologic structure on 
tida l gravity in the New York-Pennsylvania area of the northeastern 
United States and found this to be o f secondary importance compared to 
the e ffe c t  o f ocean loading. We have examined the discrepancies between 
the observed and theoretical tides in Nevada and found that they are not 
explained by the ocean loading e ffec t. However, the structure of the 
Basin and Range is much more complicated than the area in which Kuo and 
Ewing worked, and we now investigate the discrepancies in the observed 
tides in ligh t of the geologic structure of this area.
The crust o f the Great Basin is  about 30 kilometers in average 
thickness, which is abnormally thin for continental regions. The 
crustal thickness increases abruptly to about 40 kilometers on i^s 
western border with the Sierra Nevada Mountains, on rts northern bor­
der with the. Snake River Basin, and on its  eastern border with the
Figure 2-6. Amplitude as a function of azimuth for theoretical ocean 
load strain , and residual M2 and Ox observed tidal strain, h and 1 
for these calculations were: theoretical ocean load strain, h - 0.039 
theoretical strain at Mina, h -  .32, 1_ -  0.02b.
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Colorado Ij.ate.au (Prodehl, 1970). Ihe surface topography o f the crust 
is characterized by roughly north—south trending ranges which are bound­
ed on one or both sides by steeply dipping normal faults.
Both Ryall (1962) and Herrin and Taggart (1962) found that the 
compressional wave velocity in the upper mantle of the Great Basin to 
be about 7.7 to 7.8 kilometers per second, which is quite low for con­
tinental areas. Holnar and Oliver (1969) have found that S waves are 
greatly attenuated for paths which pass through the upper mantle o f the 
Great Basin. Julian (1970) has shown that there is a pronounced low 
velocity  zone beneath the Great Basin which reaches almost to the base 
of the crust. Sass e_t _al_ (1971) have shown this to be an area of high 
heat flow, indicating a hot upper mantle and Wollard (1966) has shown 
that there is  a general low Bouguer gravity anomaly over the area, 
which suggests that the upper mantle has an abnormally low density.
The f i r s t  e ffe c t  o f the structure of the Great Basin is to modify 
the amplitudes o f the observed tides. Table 2-1 gives the value of the 
Love number h and the Shida number 1_ for six strainmeter installations 
across the continental United States. There appears to be no system­
atic pattern o f the values o f h and _1 with respect to the distance from 
the coast. Berger (personal communication, 1974) finds values o f h_ and 
2 very near to the theoretical values for the Gutenburg-Bullen earth 
model fo r a station within 100 kilometers of the Pacific  coast. However, 
Major et a l (1964) find low values of h_ and _! for a station near the 
Atlantic coast. One of the striking points of lable 2-1 is tne extreme­
ly low values of h and 1 at Mina, Nevada and Golden, Colorado. These 
values are about half of the predicted values for the Gutenburg-Eullen
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earth model. These low values could possibly be due to poor coupling 
of the strainmeter to the rock. However, Smith and Kovach (Smith, 
personal communication, 1974) have found for a bore-hole type strain- 
meter located in the tunnel at Mina that the observed tides are of es­
sentia lly the same amplitude as for the conventional type of strain- 
meter, Thus we conclude that these low values are real properties of 
this area. The values o f h and 1 at Mina are about 30 percent lower 
than the values found at Round Mountain, only 100 kilometers to the 
east. Sass e_t a l . , (1971) have found that there is a pronounced d i f fe r ­
ence in the heat flow of these two areas. They found that the heat 
flow in western Nevada, including the area around Mina, averaged from 
2.0 to 2.5 heat flow units (= 1 ^«cal./cm sec) with one recording near
- L
the strainmeter s ite  being 7.15 - 0.20 1IFU. They found the area be­
tween Eureka and Mercury Nevada to have lower than normal heat flow, 
averaging between 1.0 and 1.3 HFU. This area of anomalously low heat 
flow, with Round Mountain on the western boundary, they called the 
"Eureka low." Homuth (1968) has found similar values for h and JL near 
Denver, Colorado and Sass et_ a l . , (19/1) have found that the heat flow 
in that area is very nearly the same as in the area of Mina. However, 
there is no independent check on the values of h and 1_ observed near 
Denver, so poor coupling of the strainmeter to the earth cannot be 
ruled out. The heat flow in the v ic in ity  of San Diego is quite low, 
and in this area Berger found the values of h and to be near to the 
theoretical values for the Gutenburg-Bullen earth model.
From these four observations, there appears to be a weak correla­
tion between heat flow and the values o f h and 1_. i t  is possible that
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TABLE 2-1. SUMMARY OF OBSERVED VALUES OF h AND 1.
LOCATION h 1 REFERENCE
Ogdensburg, 
New Jersey
0.53 0.037 Major, et al (1964)
St. Louis, 
Missouri
0.61 0.084 Cheng and Stauder (1974)
Golden,
Colorado
0.22 0.020 Homuth (1968)
Round Mountain, 
Nevada
0.45 0.039 Malone (1972)
Mina, 
Nevada
0.32 0.028 Malone (1972)
San Diego, 
California
0.6 0.08 Berger (personal 
communi ca tion , (19 74)
Gutenbe rg-Bullen 0.614 0.083 Longman (1962)
earth model
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the tides ere attenuated ~n areas where the upper mantle is  re la tive ly  
hot.
The 0, ocean loading e ffec t may lead to an enhancement of the Op 
strain tide in Nevada. However, loading effects do not appear to ex­
plain. the discrepancies in the M2 strain tide observed in Nevada. Both 
the M2 ocean tide along the Pacific  coast and the M2 strain tide ob­
served in Nevada are more complicated than the Op tide. In Figure 2-1 
we noted that the M2  tida l amplitude pattern for Round Mountain was 
s ligh tly  rotated to the northeast while i t  was s ligh tly  rotated to the 
northwest for Mina. Figure 2-7 shows the location of these two stations 
with respect to the structure o f the western Great Basin. The M2 ampli­
tude patterns at both stations are rotated in such a way that the axis 
of major strain is  oriented nearly along the axis of the structure.
Ozawa (1957, 1966) has found that in tida l strain studies in Japan, 
where the structure is even more complex, the azimuthal amplitude plots 
are rotated nearly perpendicular to the Japanese arc.
For comparison, Figure 2-3 shows the location o f the strainmeter 
in sta lla tion  near San Diego (La Jo lla ), California; Salt Lake City,
Utah; and Denver (Golden), Colorado, with respect to the strainmeter 
installations at Mina and Round Mountain. This covers a range from 
very near the coast at San Diego to about 2500 kilometers from the 
coast near Denver. Figure 2-9 shows the azimuthal amplitude plots 
sim ilar to Figure 2-1 for the 0  ̂ and M9 tidal components. In each case 
the 0| tide is  distorted. However, only in the case of the observation 
near Denver at the eastern front o f the Rocky Mountains is  the M2 txdc:
dis torted.
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Figure 2-7. Location o f the Mina and Round Mountain strainmeter 
installations with respect to the Great Basin structure.
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Figure 2-8. Location o f strainwater installations in the western 
United States.
LA JOLLA SALT LAKE GOLDEN
Figure 2-9, Tidal amplitude as a function of azimuth for strainmeter 
located near La Jolla , California; Salt Lake City, Utah; and Golden, 
Colorado.
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CHAPTER I I I  
TIDAL PHASE LAG 
INTRODUCTION
The y ie ld ing of the earth to tida l forces is not instantaneous, 
but lags s ligh tly  due to energy dissipation in the solid earth, in the 
oceans, and in the atmosphere. This dissipation of tida l energy, or 
tida l fr ic t io n , is  a phenomenon associated with the fact that the solid  
earth is not a perfectly  e lastic  body, and the core, oceans, and atmos­
phere are not perfect flu ids. Tidal fr ic tion  is the governing force in 
the dynamic evolution o f the earth-moon system.
At present, approximately 65 percent of the tida l energy dissipat­
ed in the earth-moon system, is  dissipated as fr ic tion  in the shallow 
seas. The solid-earth t ida l phase lag gives a measure of the amount of 
energy dissipated in the solid-earth. Great d iff icu lty  has been en­
countered in. measuring the tida l phase lag. As an example, Harrison et 
al (1963) used the I GY world-wide tida l gravity data and found the 
value o f the phase sh ift to be 0.8 - 2.8. Much of this error can be 
attributed to the. fact that gravimeters respond directly to the gravi­
tational attraction o f the moon and ocean masses, in addition to the 
deformation o f the solid-earth. In this study, strainmeters are used 
to measure the. tida l phase lag. Strainmeters seem preferable to gravi­
meters in measuring the tida l phase lag since they respond only t.o the 




Both the solar and lunar tides a ffect the earth, but the solar 
tide is  responsible for only a small fraction of the total energy dis­
sipation. This is  true, f ir s t  because the gravitational force varies 
as 1 /r 1 , and second Decause the solar tidal e ffec t on the atmosphere 
approximately cancels the solar e ffec t on the solid earth and the ocean 
(Munk and Macdonald, 1960). Thus for a first-order treatment we can 
consider the e ffe c t o f the lunar tide alone, and can consider the. 
earth-moon as a closed system conserving angular momentum.
Consider the Figure 3-1. Let M denote the moon, and E denote the 
earth. The arrows indicate the direction of rotation and revolution of 
the. moon and earth respectively. I f  the solid  earth were composed of a 
perfectly e la s tic  material, and the core, oceans and atmosphere were 
nonviscous flu ids, the tida l bulge would be aligned exactly with the 
moon at points A and B, as shown in Figure 3-la. I f  fr ic tion  is pre­
sent , i t  w i l l  delay the time o f the maximum. The maximum w il l  now 
occur at points C and D, some distance past A and B, as shown in 
Figure 3 -lb .
Now consider the attraction of the tida l bulge on tne moon. The 
attraction o f the bulge at C on the moon is along the line MC and the 
attraction o f the bulge at D on the moon is along the line Mb. Neither 
force, acts along the line EM joining the centers o f the earth and moon, 
so each has a component at right angles to the line EM. xhe tida l 
bulge at point C has a greater e ffec t than that at D for two reasons:
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Figure 3-1. E ffect o f tida l fr ic tion  on the rotation of the earth.
f ir s t ,  i t  is  nearer to the moon than the tidal bulge at D, and second, 
the angle CME is  greater than the angle DME. Thus there w il l  be a net 
force on the moon with a component in the direction of the moon's revo­
lution. This w i l l  tend to accelerate the moon in its  orb it. Sim ilarly, 
the gravitational attraction o f the moon on the tida l bulge tends to 
slow the speed or rotation of the earth, which reduces the length of 
day.
Variations in the earth's rate o f rotation can be observed by 
measuring star transit times; however, the variation o f the rotation 
due. to tid a l fr ic tion  cannot be separated from variations in the rota­
tion due to fluctuations in the core motion, to the Chandler wobble, 
and other e ffec ts . The orb ita l acceleration of the moon causes the 
moon to move in an increasingly wider orbit, so that the angular veloc­
ity  w i l l  decrease. Hunk and Macdonald (19o0) find that the present 
change in the lunar orb ita l angular velocity is
Stacey (1969; outlines a simple procedure whereby we can calculate the 
amount o f t id a l energy dissipated in tidal friction  from
Equating the centripetal force of lunar rotation about the center 
of gravity o f the earth (mass M) and the moon (mass m) , to the gravita­
tional attraction at a separation distance R, we have
Then by d ifferen tia tion , the rate o f lunar recession is 
d t  3 -j-jr = l . o l  x io ' civn/sec
Conservation of the tota l angular momentum of the earth about its  axis 
and o f the earth-moon system about their common center of gravity gives
Where K = 4.884 is the present ratio o f the orbital angular momentum to 
the earth 's rotational angular momentum and u)0 is the present rotation­
al angular ve lo c ity . D ifferen tiating this with respect to t and sub-
Newton (1968) has made a direct estimate of the tidal retardation or
(3-2)
From Kepler's third law we have
R3 = & ( M +'vt1) (3-3)
(3-5)
stitu ting ciG:/a‘t from above
c! CO
I t 3 M + w
I /V5
-  H. 8 S' X io '17- RO-d/seo1 (3-6)
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the earth 's rotation from s a te llite  observations and found this to be 
3.9 to 4.9 x 10 rad/sec^.
from we can determine the tida l retarding torque,
- C' to 2 i i
C  = —  3 . ^  x jo  d y v .c  - c w  ( 3 - 7
and the energy dissipation. The total energy is  the sum of the 
energies due to the axial rotation o f the earth, to the rotation of the 
earth and moon about the center of gravity, and to their mutual poten­
t ia l energy
R (3-8)
Substituting equation (3-3) in equation (3-8) we obtain
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(3-10)
I f  t id a l fr ic tion  is  to account for the change of the lunar 
orb ita l angular ve lo c ity , then 2.7x10'  ̂ ergs/sec must be dissipated 
in the earth, the oceans, and the atmosphere.
DISSIPATION OF TIDAL ENERGY IN THE OCEANS
Sir George Darwin (1962) attempted to show that the observed dis­
crepancies in the lunar orbit were the result of energy dissipation 
within the so lid  earth. He found that the required degree o f flu id ity
71
of the earth was ruled out by seismology , and suggested that the energy 
dissipation may be taking place in the oceans. However, Jeffreys 
(1916) showed that the viscosity of sea water is much too low to ac­
count for the required energy dissipation by laminar flow.
I t  is  now known that the controlling factor in determining the 
solid tida l phase sh ift is the dissipation of tida l energy in shallow 
seas. Taylor (1919) f ir s t  established the importance o f fr ic tion a l 
dissipation in shallow seas. He determined the rate of energy dissipa­
tion in the tides in the Irish Sea, and found that the total energy 
absorbed by fr ic tio n  to be about 6x10^ erg/sec. Jeffreys (1921.) and
Heiskanen (1921) extended Taylor's w7ork to a ll oceans. Jeffreys found 
19that 1.1x10 ergs/sec were dissipated in shallow seas, while Heiskanen
19found a value o f 1.9x10 ergs/sec. Using more recent data, M iller 
(1966) found that 1.7x10“ " ergs/sec are dissipated by fr ic tion  in shal­
low seas, but M iller fee ls that this estimate is low because several 
areas of the world were not included in his analysis for lack of current 
tida l data. Thus, since there is  2.7x10 ergs/sec of tidal energy 
dissipated in the earth, oceans, and atmosphere, there is less than 
1 x 1 0 ergs/sec o f tida l energy dissipated in the solid earth.
DETERMINATION OF TIDAL PHASE LAG
ADVANTAGE OF STRAINMETERS OVER GRAVIMETERS AND 
TILTME'I'ERS IN OBSERVING TIDAL PHASE LAG
Tidal signals are more easily observed on pendulum gravimeters 
and t i l t  me tiers than they are on strainmeters, since a ll classes of 
pendulums respond d irectly  to the gravitational attraction of the moon
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as well as to *-ho e ffects of the tida l distortion. Scrainmeters re­
spond only to the tida l distortion. Smith and Jungels (1970) have 
shown that the re la tive  size of these effects can easilv be calculated 
from a consideration o f Love's numoers. Consider only the semidiurnal 
tida l potentia l due to the moon, and using the results o f Melchior 
(1966) and Major et al (1964), we find
a 3s - ( i  + h ~ I  ,!) i 9  X cos zt (gravimeter)
a 5h - ( l + k - iJ a jX  cos At (tiltm eter) (3-11)
a = (li - 3-t) a. >c cos a-t (areal strain)
where h, k, and ]_ are Love's numbers t is the local hour angle, g is 
the surface value of the earth's gravitational f ie ld , and
with
X *
y (rn V 
"5
Z-. 
COS A S iN  0
Y = gravitational constant 
m = mass o f the moon 
R = radius of the earth 
A = declination 
0 = colatitude
(3-12;
These expressions are derived on the assumption that the tida l bulge ol 
the earth is  in phase with the gravitational attraction o f the moon.
I f  we introduce a small e lastic  phase sh ift E between the two, as would 
be expected i f  there is  energy dissipation during a cycle of tidai 
yield ing, then only that part of the observed signal which is due to
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the t id a l y ie ld ing w il l  be shifted in phase. For example, we have from 
equation
(3-13)
A 3 * ~ 3- 9 X cos 2.t + ( k - f k ) Cos (At - 2 E)
A =■ 3, X (i-i-3-X) Cos (at-at)
When the phase, or ^5^ and A are calculated by means of Fourier analy­
s is , we find
aY>g (  ■ - arc tr m (h- 1 k) SIN at 
1 +(H- I k) Cos SLl
a A£/a+(h -ik)-i) (3-14)
WJ (£0 — 3.£
Substituting the values for the Love numbers h = .612 and k = .304 
(Longman, 1963) we see that the experimentally determined phase sh ift 
for the gravity tide is  reduced by a factor of 0.13. Therefore, the 
expected phase sh ift  for the strain tide is approximately seven times 
longer than for the gravity tide. I f  similar calculations are carried 
out fo r the t i l t  tide, we find that the phase lag for the strain tide 
is approximately fiv e  times larger than for the t i l t  tide. Since the 
phase lag e is  already a small number and d iff ic u lt  to measure, the use 
of strainmeter t ida l observations appears to be a better approach than 
gravimeter and tiltm eter observations for experimentally determining 
the tid a l phase lag.
Most estimates o f the tida l phase lag have been from gravity or 
t i l t  data (Harrison, et a l, 1963; P a riisk ii, et a l , 1967; Pertsev, 
(1966) , The large range of values of the tidal phase lag can probably
be attributed to second-order e ffects .
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ANALYSIS AND RESULTS
The experimental problem involved in determining the tida l phase 
lag is  to iso la te  a single tida l component, and compare its  phase with 
the phase o f the theoretically determined equilibrium tide. The tida l 
component iriost appropriate for such a study is the semidiurnal lunar 
tide. Not only is  this the largest component, hut its  period of 12.42 
hours is  su ffic ien tly  removed from the harmonic of the daily 24 hour 
e ffec t to be easily  separable with a month of recording.
Before proceeding further, we must consider the indirect e ffects 
of ocean and atmospheric loading on the observed tidal strain. Kuo et_ 
a l , (1970) reported on a transcontinental tidal gravity p ro file  across 
the United States. They found that the ocean loading e ffec t in the 
western United States for the. M2  tide decreased logarithmically as a 
function o f the distance from the Pacific  coast. However, Farrell 
(written communication, 1972) found that the e ffec t of the ocean load­
ing tide amounted to as much as 30 percent of the direct e ffec t of the 
My astronomical strain tide observed in the western Great Basin.
The pressure amplitude of the atmospheric tide is not as great as 
that o f the ocean tide at the coast. Ozawa (1967) has studied the 
e ffects  o f the atmospheric tides on the deformation of the earth ana 
found that this deformation can amount to as much as 20 percent of the 
direct e ffe c t  of the astronomical strain tide,
Both o f these e ffects  can introduce errors in our analysis, be­
cause they have the same, frequency content as the direct tidal e ffe c t,
but have a d ifferen t spatial distribution.
Ozawa (195/) pointed out that the areal load strain, that is , the
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sum of the la titud ina l and meridional components of the load strain, is 
approximately equal to zero. This is  based on the Boussinesq (1885) 
solution for the distortion o f a half-space under a. concentrated point 
load.
Consider a uniform half-space with the x- and y-axes horizontally 
along the surface and the z-axis vertica lly  downward. Mien a force P 
due to a point load acts ve r tica lly  downward along the z-axis at the 
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where >■ and m- are Lame e lastic  constants and
y  a x +• y + a (3-16)
From equation (3-15, the components o f strain are given by
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From equation (3-17) we see that the strains at the surface, except at 
the origin  are given by
( e xy ) -  P yt x1-
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(3-18)
From this we see that the surface areal load strain is  zero, i . e . ,
- O (3-19)
Our strain observations are not made on a uniform halfspace, so
m m
these results dc not s tr ic t ly  apply to our problem. Farrell (1972b)
.
studied the e ffe c t  o f loading on several rea lis tic  earth models and 
found that for these models, the procedure of using areal strain rather 
than linear strain was moderately e ffec tive  at eliminating load effects 
within 10°. Most o f the ocean loading e ffec t which w ill a ffect the 
observations at Mina and Round Mountain is along the California coast, 
and within 10°. This e ffe c t , and the e ffec t of atmospheric loading 
w ill be s ign ifican tly  reduced by using areal strain rather than linear 
strain. The data w il l  s t i l l  be contaminated by the more distant load­
ing e ffe c ts , and by the e ffects o f shear stresses developed as a result- 
of the flow o f water at the ocean bottom.
Smith and Jungle (1970) pointed out a second advantage in using 
areal strain . The areal dilatation is not strongly dependent on the
Shi da s numoer the value of which is  not well known. Thus, error s 
in out estimate Oi. î  vzill have a smaller e ffect on our results
The method used for dtermining the tidal phase lag is similar to 
that suggested by Smith and Jungle (1970). The observed areal strain 
tide is transformed to the frequency domain using a version of the 
Cooley-Tukey fast Fourier Transform algorithm (Cooley and Tukey, 1965; 
Cooley et al_, 1968) , and from the complex transform the phase spectra 
is computed. Next, the entire function of the theoretical equilibrium 
tide is  generated for the interval of interest, and this is subjected 
to the same numerical Fourier analysis that is used for the observed 
tida l data. F inally, the theoretical phase spectra is subtracted from 
the observed phase spectra to give the tidal phase lag.
The advantage of this procedure is that errors in the phase spec­
trum for a particu lar tida l line that are cuased by the use of a f in ite  
length of data w i l l  be the same for both the theoretical equilibrium 
tide and the observed tide, and these w ill  tend to cancel when we sub­
tract the two. In other words, in the experimental data there is con­
tamination o f the iip line, due to some of the other tida l harmonics.
The amount o f contamination for a fixed sample length depends on the 
starting time, that is , where in the tida l cycle the sample began. By 
generating the complete tida l function and then numerically analyzing 
i t ,  we produce a sim ilar e ffec t for the equilibrium tide. When the 
phase spectra o f the observed tidal strain and the equilibrium tides 
are subtracted, these e ffects  should be minimized.
As the result o f the uncertainties present in this kind of data, 
the best way of estimating the expected errors in phase sh ift is by the
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internal consistency o f the data for a number of time intervals and for 
several locations. fne procedure outlined above was applied to over— 
lapping segments o f tida l strain data from Mina and Round Mountain, and 
the results for the M2 tida l line are given in Table 3-1. The mean 
value o f the Mina observations is 4.8° and for the Round Mountain ob­
servations is 3.7°. The difference between the values obtained at Mina 
and Round Mountain is  a measure of the error introduced by indirect 
tida l e ffec ts  which are not en tirely eliminated in the analysis. We 
thus estimate the true phase sh ift 2e of the tidal bulge to be the 
average o f these two values o f 4.2° - 1.4°. This gives the lag o f the 
tida l bulge as 2.1° - 0.7°. From Table 3-2 we can see that this is in 
agreement with previous observations, and with the phase lag establish­
ed by astronomical observations (MacDonald, 1964).
DISCUSSION
The tid a l phase lag can be converted to an e ffec tive  tida l Q using 
the re lation  derived by MacDonald (1964).
a E
e (3-20)
Where E is the maximum energy stored in a cycle, A E is the energy dis- 
ipated in a cycle, and e is  the phase lag. For the observed phase lag 
reported here, the tida l Q is  equal to 10, which implies a lunar re- 
tarding torque of about 5x10“ ' dyne-cm.
Lagus and Anderson (1968) have shown that the e lastic potential 
energy o f both the c,S4 free oscilla tion  and the M̂  semidiurnal t.ic.e is 
stored with depth in a sim ilar manner (Figure 3-2). In other words,













TABLE 3--2. SUMMARY OF WORLD PHASE LAG OBSERVATIONS 
NO.
LOCATION STATION (BULGE) METHOD REFERENCE
Worldwide 12 3.2° ± 5.8° Gravity Harrison et al, 
(1963)
Worldwide 27 4.3° - 4.3° Gravity Melchior (1964)
Asia 4 2.2° ± 1.0° Gravity Pariisk ii
(1963,1967)
Asia 7 0.3° - 2.2° Gravity Pertsev (1966)
Eastern.
North America 1 1.2° Strain Kuo (1969)
North and 
South America 2 LO 0
 0 1 
+ 
!—4 O o Strain Smith and Jungei 
(1970)
Western 
North America 2 2.1° - 0.7° Strain This study
Astronomical
Observations 2.16° MacDonald (.1964)
Figure 3-2. Comparison o f the e la s tic  potential energy vs. depth for the free osc illa tion  and 
the 1̂2 semi-diurnal tide (from Lagus and Anderson, 1968).
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both the 0 ^ 2  ^ree osc illa tion  and the tide sample the earth in a 
sim ilar manner. Therefore we may expect both to have a similar Q. 
However, as can be seen from Table 3-3, the tidal Q is sign ificantly 
lower than the free oscilla tion  Q.
The period o f the oS2 free oscilla tion  is 54 minutes and the 
strains involved are o f the order 10-9 . The period of the M2 tide is 
12,42 hours and the strains involved are of the order 1 0 .  These 
discrepancies indicate that the Q is either (1) frequency dependent,
(2) amplitude dependent, or (3) there may be losses involved in tidal 
energy dissipation which are not involved in seismic energy dissipation. 
Knopoff (1964) has summarized laboratory data.on Q for various earth 
materials, and for these materials, the Q is independent of frequency 
over a wide range (l-10Hz) and independent of amplitude for strains 
smaller tlian 10“*. The frequency range of the laboratory experiments is 
much higher than those involved in tida l and free oscilla tion  data, 
however, there is  no indication that there would be an ora>_r o f magni­
tude difference in Q at these lower frequencies. When higher quality 
tida l strain data becomes available, i t  w il l  be interesting to compare 
the Q o f the diurnal, semidiurnal, and terdiurnal tides.
The free osc illa tion  data is independent of any influence of the 
oceans, while both the tides and the Chandler wobble involve the earth 
as a whole, including its  flu id  parts. Munk and MacDonald (I960) have 
estimated the Q o f the Chandler wobble to be between 30 and 40. The 
period o f the Chandler wobble is 14 months, and the amplitude of the 
strains associated with the wobble are on the order of 10 . i'nus
while the period is considerably longer than tida l periods, the strains
TABLE 3-3. VARIOUS LOW FREQUENCY ESTIMATES OF Q FOR THE EARTH
PHENOMENON Q PERIOD STRAIN INVOLVED REFERENCE
Tidal phase lag 7-30 12.42 hours io~7 Table 3-2, this study
Chandler wobble 30-40 14 months 10 " 8 Munk and MacDonald 
(I960)
0S2 Free osc illa tion 380 54 minutes 10“9 Benioff, Press, and 
Smith (1961)
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involved are intermediate between those of free oscillations and tides. 
The general agreement between the tida l Q and Chandler wobble Q suggest 
that the flu id  parts of the earth may be influencing the lower frequen­
cy observations more than is presently suspected. Laboratory data sug­
gest that Q for flu ids may be frequency dependent.
At present, only 65 percent o f the tida l energy dissipated in the 
eartn-moon system can be associated with a particular energy sink and 
that is  the fr ic tion  of tida l currents in shallow seas. There have 
been suggestions that the remaining tida l energy may be responsible for 
magma production (Shaw, 1969; 1970) and as the driving force of plate 





The present pattern o f tectonic strain release can be determined 
ind irectly  from observations o f surface faulting and from fault plane 
solutions based on the direction o f f ir s t  motion of the P-wave, in both 
of these we get a picture o f conditions at the time of fault rupture, 
and this may be dominated more by fault properties than be stress con­
ditions. Tectonic strain accumulation and release can be directly 
measured with strainmeter observations. Strainmeters permit continuous 
monitoriiig o f strain in the crust in the interval when strain is accu­
mulating. Each o f these methods has been used with varying amounts of 
success to determine tectonic strain patterns in the western Great 
Basin (Meister et̂  a l, 1968; Ryall and Malone, 1971; Gumper and Scholz, 
1971; Smith and Kind, 1972a, 1972b; Malone, 1972).
SUMMARY OF PREVIOUS WORK IN THE WESTERN GREAT BASIN
In an attempt to evaluate the impact o f nuclear testing on the 
seism icity and tectonics o f wouthern Nevada, a number of strainmeters 
have been constructed in the area during the past few years. Data for 
these instruments is given in Table 4-1 and the location of a ll instru­
ments is  shown in Figure 4-1.
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KMN 38°42.1' 117°04.6° 35.5° 288°, 347.5°
MNN 38°26.3' 118°09.3 ’ 137°, 203° 254°
ELY 39 °16.0' 114°56.7' 045°
TSP 38°12.5' 116°09.2' 000°, 090°, 315°
SCT 37°05.4' 117°16.2' Vertical, 039°, 084°, 
309°, 354°
SLM 37°08.6' 116°46.0' 084°, 309°, 354°
THC 37°12.2 ' 116°34.7 1 005°, 046°, 276°, 320
RH. 38°13.6' 116°22.9' 325°
KJ? 37°53.8' 116°27.6' . 356°
QM 37°33.8' 116°19.1' 20°
TJ. 37°17.1' 116°52.0' 266.5°
YM 36°55.9' 116°33.2' 182.5°
OB 37M4.2' 116°03.2' 81°
I
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Figure 4-1. Location of Nevada strainmeter installations. Short lines 
show orientation o f instruments.
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COLORADO SCHOOL OF MINES AND THE NOAA 
EARTHQUAKE MECHANISM LABORATORY
The Colorado School of Mines, in cooperation with the NOAA Earth­
quake Mechanism Laboratory has installed strainmeters at four sites in 
southern Nevada: Scotty's Junction (SCT), Sleeping Mountain (SLM), 
Thirsty Canyon (THC), and Twin Springs (TSP) (Figure 4-1 and Table 4-1). 
These instruments were installed  in it ia l ly  to study the residual 
strains associated with nuclear explosions (Romig, et al, 1969).
Secular strain data from these instruments were analyzed by W illis  
et a l, (1973), and are shown in Figures 4-2 through 4-5. Since a ll of 
these instruments show a strong seasonal e ffe c t, they concentrated on 
those instruments for which there was a year or more of data available. 
They found that the axis of maximum extension at SCT, SPM, and TSP 
trended northwest, while the axis o f maximum compression trended north­
east. They found that these axes agreed with strain data from Stone 
Canyon, Californ ia (STC) , from Salt Lake City, Utah (SLC) , and from 
Round Mountain, Nevada (RDM). These results are shown in Figure 4-6.
UNIVERSITY OF NEVADA
Malone (1972) analyzed one year o f secular strain data from Round 
Mountain, and four months o f secular strain data from Mina. He found 
that both sites appeared to be undergoing generally compressive 
strains. The average compressive strain rate at Round Mountain during 
this period was about 4x10  ̂ per year. Malone fe lt  that while the ob­
served strain at Round Mountain may be attributed to the curing of the
89
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Figure 4-2. Secular strain at the Twin Springs (TSP) strainmeter s ite  
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Figure 4-3. Secular strain at the Thirsty Canyon (TRC) strainmeter 
s ite  (from W illis , et a l, 1973).
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Figure 4-4. Secular strain at the Sleeping Mountain (SLM) strainraeter 





Figure 4-5. Secular strain at the Scotty's Junction (SCT) strainmeter 
s ite  (from W illis , et a l, 1973).
Figure 4-6. Secular strain change e llip ses  from short-base strainmeter data. For the period 
June 1970 to June 1971 (from W il l is , e t  a i, 1973).
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concrete p iers, i t  was probably indicative of a loca l, anomalous area 
of re la tive  compression within the Basin and Range Province.
LONG-RANGE SEISMIC MEASUREMENT PROGRAM
Shopland (1970) has described a portable strainmeter system of 
large dynamic lange developed by Geotech for the long-range seismic 
measurement program o f the A ir Force. Six single component instruments 
of this design were installed  around the Nevada Test Site in 1969. The 
instruments were primarily intended to observe the effects of nuclear 
testing, and also to evaluate the usefulness of shallow, portable 
strainmeter systems.
Smith and Kind (1972a, b) analyzed eight months o f secular strain 
data from these instruments (Figure 4-7). This data has previously 
been discussed in Chapter 1. They used a least-square procedure to de­
termine a b e s t- f it  s tra in fie ld , common to a ll instruments. In their 
analysis, they found that five  o f the stations—KP, QM, TI, YM, and OB 
(Figure 4-1)— did f i t  a regional strain fie ld  with principal axes north­
west and northeast. During the interval analyzed, deformation occurred 
in several d istinct episodes. During each episode, the direction of 
principal axes remained northwest and northeast, and the deformation 
appeared to be almost en tirely pure shear. The end of each episode is  
marked by an abrupt reversal in the direction of the compressional and 
extensional axes. Smith and land fee l that iocal, instrumental and 
environmental a ffects were eliminated in their analysis and based on 
the high, correlation coeffic ien t for the observed and least-squared 
strain f ie ld  (Figure 4-8), that the least-squared strain resulted from
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Figure 4-7. Secular strain data at six sites of the NTS strainmater 
array, meteorological data at the weather station within the array, and 
rate o f loca l earthquake, activ ity  (from Smith and King, 1972b).
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Figure 4-8, Least-square strain fie ld  (Ex and Ey) , a angle o f ex ten 
sional axis, C -  correlation coeffic ien t (from Smith and Kind, 197.'a).
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from a regional strain fie ld  that was within the earth.
Smith and Kind note that their solution is not as strong as is de~ 
sired because a l l  o f the strain stations used in the determination of 
the least—squares strain fie ld  are oriented nearly north—south or east- 
west. ihe largest deviation from these directions is station QM which 
is 20 east, c f north. Therefore, inconsistencies in the data may have 
the e ffe c t  o f forcing the least-squares solution to have principal axes 
in the directions with the poorest control, i . e . ,  the northwest and 
northeast direction.
We also note that the assumption concerning environmental e ffects 
is not. completely correct. The least-squares procedure w ill  eliminate 
local environmental conditions, but i t  w ill not eliminate the effects 
of regional pressure fronts or regional temperature changes such as 
seasonal temperature changes. These effects are present in the data, 
as previously discussed in Chapter 1.
In summary, Smith and Kind (1972b) interpret their leust-squares 
strain f ie ld  as resulting from a regional strain fie ld  o f dimensions at 
least 60 by 100 km. , in southern Nevada. They find that the principal 
strain axes of this f ie ld  are oriented northwest and northeast, and 
that the f ie ld  is almost pure shear strain. The rate of strain accumu­
lation underwent several reversals in polarity during the eight months 
of observation. Each of these episodes of deformation appeared to have 
a constant ratio  of shear strain to volume strain. The net deformation 
over the eight months of observation was a northeast compression; how­
ever, in ligh t o f the episodic nature of the strain observations, this 
may not be representative of the. long term deformation.
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CURRENT STRAIN OBSERVATIONS 
MINA SECULAR STRAIN OBSERVATIONS
The strainmeter at Mina was constructed during the fa l l  and winter 
of 1970, and became, operational in January of 1971. The station oper- 
ated from thus time until the summer of 19 71 when each of the three 
components gradually f e l l  into disrepair. In August, 1971, the trans­
ducers were returned to the laboratory in Reno for repair and were not 
reinstalled until January, 1972. The Mina strainmeter installation has 
provided continuous secular strain data since that time.
Tire f i r s t  period o f observation at Mina has been reported by 
Malone (1972). Strain observations during this period (Figure 4-9) 
show generally compressive strains, which decayed slowly with time. 
Malone (1972) has attributed these to concrete curing, but I  now be­
lieve  these observations to be indicative of a gradual warming of the 
a ir in the mine. Tire mine at Mina had been le f t  open for many years 
prior to the insta lla tion  o f the strainmeter, Following the construc­
tion o f the instrument, the mine was sealed with thermal bulkheads to 
prevent a ir flow7 through the mine. Following the installation  o f the 
bulkheads, both the temperature and re la tive humidity rose s ligh tly . 
Both o f these would have the e ffec t o f causing apparent compressive 
stra ins.
Figure 4-10 shows the secular strain data for the period from Feb­
ruary, 1972, through October, 1973. We have had a considerable amount 
of d if f ic u lty  with the Hewlett-Packard chart recorders, as mentioned 
previously, and the dotted lines indicate times when we have no
9
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Figure 4-10. Secular strain observed at Mina since February, 1972,
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continuous strain data. However, by keeping track of the zero position, 
and by rrequent calibration oi the system, we have not lost any secular 
strain data during this time period.
The bargraph in Figure 4-10 shows the rate of seismic activ ity  for 
1972 through mid-1973. This represents a ll earthquakes located by the 
seismic, network o f the University of Nevada within 50 kilometers of the 
Min a s t ra. inme t e r ins t al 1 a t i  on.
We have computed strain change ellipses for two periods of time 
for Mina. The f ir s t  is for the period February, 1972 through September, 
1972, and the second is  for the period from November, 19 72 through 
October, 1973. These are shown in Figure 4-11 along with the composite 
focal mechanism for microearthquakes in the Excelsior Mountains- 
Garfield H ills  area.
During the period from February through September, 1972, the 
strainmeter at Mina showed a strain fie ld  with principal axes oriented 
30° and 300°. The axis with orientation 30° is  the principal axis of 
extension. During September and October, 1972, this strain f ie ld  broke 
down and by November, a new strain fie ld  had been established. The new 
fie ld  had principal axes oriented nearly identical to the previous 
fie ld . However, the axis with northwest-southeast orientation is now 
the principal axis o f extension and the axis with northeast-southwest 
orientation is now the principal axis of compression. This f ie ld  has 
remained essentia lly  constant until the present time. Since tue estab­
lishment o f this new fie ld , extensional strain of about Jxlu has 
accumulated in the northwest-southeast direction.
There are two notable variations on the record shown in Figure
3.00
Figure 4-1 la . Comparison o f the observed strain, fie ld  at Mina indi­
cated by strain change e llip ses, and composite focal mechanism solu­
tions for loca l saicroearthquakes. The darkened sector oi the focal 
mechanism plot indicates the compression sector.
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Figure 4- l ib .
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4--105 those occurring in May, 1972 and September/October of 1972. Hie 
May, 19//- variation w il l  be discussed in detail in a later section in 
connection with the dilatancy model of the earthquake source.
The strain \ariation xn September and October of 1972 occurred at 
a time when there is  a low leve l of seismic activ ity . Thus we cannot 
attribute this variation in the strain fie ld  to earthquake activ ity . 
However, the strain variation does occur at a time when the weather 
begins to turn cool. This strain variation cannot be the result of 
seasonal temperature variations in the a ir of the mine tunnel in which 
the quartz-rod length standards are located. No changes in a ir temper­
ature were recorded on our temperature recording system, however, the 
temperature changes required to cause strain changes of a few parts in 
107 may be below the leve l of detectability on our present temperature 
recording system. I f  small changes in a ir temperature did occur, they 
would a ffec t each instrument in a sim ilar manner. A cooling o f the a ir 
and thus a cooling and shrinkage of the quartz rods would cause e l l  of 
the components to show an apparent ground extension. This is not the 
case. The 137° component which had been showing compression, reversed 
during this period o f time and afterwards showed extension. The 23° 
component which had previously shown extension reversed and showed com­
pression, Such behavior rules out temperature variations in the a ir of 
the mine and its  e ffe c t on the quartz length standards.
We s t i l l  must consider the e ffec t of seasonal temperature changes 
on the mountain, block in which, the instruments are located. Benioff 
(1959) showed that diurnal heating of the mountain brock containing the 
Dalton Dam strainmeter s ite  had significant e ffects on the observed
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stra in . ihs actual, expansion or contraction of the surface layer due 
to diurnal heating or cooling is a small e ffect propagating only a few 
inches or a foot. Seasonal e ffects  are only s ligh tly  larger. However, 
in areas o f extreme topography, such effects can produce strains which 
can propagate to great depths.
Consider the most extreme case of a strainmeter located within a 
triangular mountain block, and oriented perpendicular to the range 
front (Figure 4-12) . Assume the solid line represents the mean posi­
tion o f the surface and the dotted line represents the positions of the 
surface fo r maximum temperature. I t  is  easy to see that for a change 
from the mean surface position to the surface position of maximum tem­
perature, the strainmeter would show an exlensicnal strain. Similarly, 
for a change in surface position from the mean position to a position 
of minimum temperature, the strainmeter would show a compressional 
stra in .
Now consider a strainmeter which is located in an are'’ o f no topo­
graphy or along the axis of the mountain block. For these cases, 
changes in the surface layer would produce vertica l strains and h ori­
zontal stresses at depth but no horizontal strain.
The orientation o f the three strainmeter components lie s  between 
these extremes. In the area of the strainmeter s ite , the mountain 
front is  oriented approximately 135°. Thus from this simple analysis 
we would expect the greatest e ffe c t of surface heating to be seen on 
the. 74° component, and the least e ffec t to be on the 1.37 component.
In fact, the 137° and 23“ components.show.large changes during this 
time period while the 745 component shows very l i t t l e  change . In
104
Figure 4-12. E ffect o f topography on a buried strainmeter.
addition, the strain f ie ld  remains essentially unchanged during the 
follow ing spring and summer. I f  the strain variations talcing place in 
September and October, 1972 were due to cooling of the surface layer, 
we would expect the reverse pattern to take place the following spring 
and summer. This leaves true earth strain as the lik e ly  explanation 
o f these observed variations.
During the period from February, 1972 through September, 1972 the 
observed strain f ie ld  at Mina had principal axes oriented 30D and 300° 
with the northeast-southwest axis being the principal axis o f extension. 
This observation is  exactly opposite to the stress fie ld  indicated by 
earthquake focal mechanism studies. The strain f ie ld  established in 
November, 1972 and continuing through October, 1973 has principal axes 
oriented 5G° and 320° with, the northwest-southeast axis being the prin­
cipal axis o f extension. This observation is in agreement with the 
stress f ie ld  indicated by earthquake focal mechanism studies. The sta­
b i l i t y  o f the principal strain axes and the agreement of the principal 
axes with those obtained from focal mechanism studies leads us to
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Interpret the in i t ia l  period o f north.-east-south.west extension and 
northwest—southeast compression as a period of strain release or strain 
relaxation. This strain release probably took place both by earthquake 
a ctiv ity  and by fau lt creep. The la ter period of northwest-southeast 
extension and northeast-southwest compression we interpret as a period 
of strain accumulation. Presumably, i f  we had a longer data sample, we 
would see this cycle o f strain accumulation and strain release repeat. 
Possibly the. periods o f accumulation would be larger and there would be. 
a net strain accumulation which, would only be relieved in a large earth­
quake. The p oss ib ility  also exists that large earthquakes do not occur 
in the Excelsior Mountains-Garfield H ills area and that strain is  re­
lieved by numerous, moderate size earthquakes,
PvOUND MOUNTAIN SECULAR STRAIN OBSERVATIONS
The strainmeter at Round Mountain was constructed during the sum­
mer and fa l l  o f 1969 and became operational in the spring o f 1970.
Since then, this in sta lla tion  has provided continuous secular strain 
data (shown in Figure 4-13), with the exception of one component, 108°, 
which was inoperable for about three months' time during the winter of 
1971-1972. The la ter part o f the curve for this component was position­
ed by matching the slope for the section of the curve just prior to the 
instrument fa ilu re , with the slope of the curve a fter operation had re­
sumed. This procedure may be somewhat in error in ligh t o f the anoma­
lous strain event which took place during this time, as indicates, by 
the operating components. I t  is impossible to say conclusively what 
this strain change represents with one component inoperable. There was
10S
no sign ifican t seism ic-activity noted in the Round Mountain area during 
this time. There was no human activ ity  in the strain meter vault, during 
this time. The strainmeter vault was sealed in September, 1971 and was 
not reopened until February, 1972. This strain event may represent a 
relaxation or release of accumulated tectonic strain through aseismic 
processes. Both the 35.5° component and the 167.5° component are near 
the orientation o f the axis o f principal extension as observed at Round 
Mountain during this period (15° -- 195°). The 35.5° component shows a 
low rate of extensional strain prior to this strain event and following 
the event, but goes towards compression during the event. The 167.5° 
component shows a low rate of compressional strain prior to and follow­
ing the strain event, but goes strongly towards compression at the time 
of the strain event. I f  this observation does represent a release of 
accumulated tectonic strain, one would expect the 108° component, which 
is nearly along the axis o f principal compression as observed at Round 
Mountain during this time, to show a reversal, and record a high rate 
of extensional strain, during the. strain event. Whether this is  true or 
not, the long-term strain variation ior Round Mountain shown in Figure
4-13 w i l l  not be greatly altered.
Malone (1972) has reported on strain observations at. Round Moun­
tain fo r  the period from March, 19 70 through May, 1971. imke the in i­
t ia l  strain observation at Round Mountain shows compressive strain on 
a ll components. These decay with a much longer time constant than sim­
i la r  observations at Mina and this is probably the result of the larger
size of the mine opening at Round Mountain.
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Figure 4-13. Secular strain at the Round Mountain strainmeter s ite .
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congressional strain observed on the 108° component. As shown in 
Chapter 1, this component is located in a d r ift  seme distance apart 
from the d r ift  containing the 35.5° and 167.5° components. The d r ift  
in which ihe 108 component is located has a much higher re la tive  hu­
midity than the d r ift  where the other two components are located. How­
ever, the compressive strain observed on the 108° component can be due 
neither to the high humidity nor to rising temperature beyond the in i­
t ia l  temperature rise also experienced by the other two components.
The humidity e ffe c t  found by Homuth and discussed in Chapter 1 has a 
short decay time. The observed compressional strain rate for this com­
ponent has been essentially constant for several years, with a possible 
seasotxal e ffe c t  superimposed. I f  the compressive strain were solely 
the result of ris ing temperature, i t  indicates a steady increase of 
several degrees centigrade per year. This has not been observed. This
leads us to believe that this observation is a real e ffe c t, and that
6
compressive strain of about two parts in 10 per year is accumulating 
in this direction.
Figure 4—14 shows the strain change e llipse for the Round Mountain 
data, along with the composite focal mechanism solution for nearby mi— 
croearthquakes. Because of the low leve l o f seismic activ ity  in this 
area, the earthquake focal mechanism solution is not as well determined 
as in the Mina area.
The strain f ie ld  observed at Round Mountain has principal axes 
oriented 15° and 285°, The axis with orientation 15° is the principal 
axis o f extension. This strain f ie ld  has remained fa ir ly  stable, during






Figure 4-14. Comparison of the observed 
indicated by strain change e llip s es5 and 
solutions for loca l microearthquak.es.
strain field at Round Mountain 
composite focal mechanism
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J-hc focal mechanism solution shown in Figure 4-14 is from Smith et 
ul_> (1-̂  ; Iv • Ihis is for data from tne Central Nevada Test Area, located 
in Hot treek Valley. The solution is based on 21 earthquakes observed 
over a period o f one year, with a seven-station seismic network. The 
largest eartaquake was o f about magnitude 2. The focal mechanism solu­
tion is  supported by McKeown and Dickey (1969) who observed some right- 
la tera l movement during the Faultless test. Tne observed righ t-la tera l 
movement has a strike which fa lls  within the range o f possible fault 
plane solutions shown in Figure 4-14. D. B. Slemmons (personal com­
munication, 1974) has found some evidence on aerial photographs for 
r igh t-la tera l movement on faults in this area.
Considering the s tab ility  o f the principal strain axes and the 
general agreement between the observed strain fie ld  and the stress f ie ld  
indicated by the earthquake focal mechanism solutions, we fee l that we 
are observing strain accumulation at Round Mountain. Slight d if fe r ­
ences between the strain fie ld  and focal mechanism solutions can 
probably attributed to local e ffects .
COMPARISON OF THE ROUND MOUNTAIN AND 
MINA SECULAR STRAIN OBSERVATIONS
One o f the in teresting results of this experiment is  the compari­
son o f strain rates between a re la tive ly  inactive seismic area and an 
area o f high seismic a c tiv ity , both o f which are subjected to tne same 
general tectonic driving force. Figure 4-15 shows the distribution of 
seismic a c tiv ity  in the western Great Basin for the three year period 
from 1970 to 1972. I t  is  apparent from Figure 4-15 that the seismic
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activ ity  is confined to a re la tive ly  narrow zone which, runs from the 
northern Owens Valley, through the Excelsior Mountains-Garfield H ills 
area, ana northward through the Fairview Peak—Dixie Valley area. The 
aftersnock zones of the Fairview Peak and Dixie Valley earthquakes are 
currently the most active area of the region. However, the Excelsior 
Mountains-Garfield H ills  area in which the Mina strainmeter in sta lla ­
tion is  located is only s ligh tly  less active. In contrast, the area in 
which the Round Mountain strainmeter installation is located has a very 
low le ve l o f seismic activ ity .
As mentioned previously, the Excelsior Mountains-Garfield H ills 
area is  only s ligh tly  less active than the Fairview Peak-Dixie Valley 
area. However, the distribution o f the seismicity in the two areas is 
quite d iffe ren t. Figure 4-16 shows the h istoric seismicity for the 
Nevada region. This map also shows that the main seismic activ ity  in 
h is toric  times has taken place in a north-south trending zone extending 
from Owens Valley in the south to Pleasant Valley in the north. This 
coincides with the zone of h istoric surface faulting.
Figures 4-17 and 4-18 compare the seismicity of the Fairview Peak- 
Dixie Valley area and the Excelsior Mountains-Garfield H ills  area for 
the period 1970 through mid-1973. Whereas the seismicity of the Fair- 
view Peak-Dixie Valley area is essentially limited to the area o f h is­
toric  seism icity and surface faulting, the distribution o f seismicity 
in the area o f the Excelsior Mountains and Garfield H ills is quite dis­
persed. The difference in seismicity of these two areas cannot be a t­
tributed to inadequate station coverage, since the leve l of detecta­
b i l i t y  throughout the area is less than magnitude 2.0. Gumper and
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Figure 4-17. Seismicity o f the Excelsior Mountains area.
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o
Figure. 4-18. Seismicity of the. Fairview Peak - Dixie Valley area.
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Scholz (1-71) found the same variation in the seismicity of these two 
areas in their microearthquake survey of the Nevada Seismic Zone.
The seism icity of the Excelsior Mountains-Garfield H ills area can­
not be associated with aftershocks of the 1934 Excelsior Mountains 
earthquake. The Cedar Valley and Excelsior Mountains earthquakes oc— 
curre.d 13 months apart. Aftershocks observed following the Cedar Valley 
earthquake (magnitude 7.2) were more numerous than aftershocks observed 
following the Excelsior Mountains earthquake (magnitude 6.3) (Gianella 
and Callaghan, 1934a; Callaghan and Gianella, 1935; Slemmons et al. 
(1965). However, as can be seen in Figure 4-18, for the three and one- 
ha lf year period from 1970 to mid-1973, the seismicity o f the Excelsior 
Mountains-Garfield H ills  area was considerably higher than for the 
Cedar Valley area. This is  the opposite result expected i f  the present 
seism icity were due to a decaying aftershock sequence.
Ryall et al (1972) have shown that for the four areas where earth­
quakes with magnitude greater than 7.0 have occurred (Owens Valley,
1872; Pleasant Valley, 1915; Cedar Valley, 1932; Fairview Peak, 1954), 
the present seism icity is a function o f the time since the main event. 
Figure 4-19 shows their plot o f the present seismicity versus time 
since the main event. To this has been added the present seismicity in 
the Rainbow Mountains area (magnitude 6.6, 1954), the Dixie Valley area 
(magnitude 6.8, 1954), and the Excelsior Mountains area (magnitude 6.5, 
1934). I f  aftershocks of magnitude 6 earthquakes decay in a similar 
manner to aftershocks o f magnitude 7 earthquakes, we would expect that 
there, would be a very low leve l of seismic activ ity  in the Excelsior 
Mountains area. As can be seen from Figure 4-19, this is not the case.
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Figure 4--19. Plot of present rate of seismic a ctiv ity  versus time 
since the main earthquake for areas in the western Great Basin where 
large h istoric  earthquakes have occurred.
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Thus, with this one exception o f the Excelsior Mountains area, present 
a c tiv ity  in the Nevada Seismic Zone appeal's to be associated with decay­
ing aftershock series.
TREND OF GEOLOGIC STRUCTURES
Theie are several other interesting differences in these two areas. 
Figure 4-20 shows a generalized map of the structure of the Great Basin. * 
In this area of the Basin and Range Province, the structure is charact­
erized by nearly evenly spaced, north-tc-northeast trending ranges.
The ranges are either bounded on both sides by steeply dipping normal 
faults and form a horst, or are bounded on one side by a steeply dip­
ping normal fault and are formed by a rotated block.
The structure in the Round Mountain area is typical of normal Great 
Basin structure. To the west of the Round Mountain strainmeter location 
is the Toiyabe range. This range trends s ligh tly  east of north and is 
bounded on both sides by steeply dipping normal faults.
The Toquima range immediately to the east of the Round Mountain in­
sta lla tion  is composed of a westerly dipping, t ilted  fault block, with 
a steeply dipping normal fault along the eastern range front.
As can be seen in Figure 4-20, the Excelsior Mountains, which trend 
approximately N60°E, are an anomalous feature in tne western pa. rt o f 
the Great Basin, in that their trend is almost perpendicular to the 
normal structural trend o f the region. As mentioned previously, the 
eastern end o.f the Excelsior Mountains and the Gar tie  Id H ills  both l ie  
hear the Walker Lane which may have undergone 12 to 15 kilometers of 
r igh t-la tera l s trik e-s lip  faulting since the Cretaceous (Nielsen, li«6ol •
< <
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. Generalized map of the structure of the western GreatFigure 4-20 
Basin.
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Gilberu slL*» (196j ) have studied the geologic structure of the 
Mono basin and the western Excelsior Mountains. They found that the 
faults in this area have an abrupt change in strike from about N10°W, 
which agrees with general Basin and Range structure, to about N65°E. 
Figure v -21 shows the general pattern o f faulting for the western Great 
Basin. This shows that in general the N65°E faulting is fa ir ly  well 
confined to the area of the Excelsior Mountains. There is some appraent 
dragging o f the structures along the Walker Lane. However, those as­
sociated with the Excelsior Mountains do not appear to be due to right- 
la tera l movement along this zone. Whereas the structures in other areas 
approach normal Great Basin trends away from the Walker Lane, those of 
the Excelsior Mountains area maintain a. nearly constant strike o f N60°E 
to N65°E throughout the length of the range.
Gilbert et a_l. , (1963) fee l that le ft- la te ra l strike-slip  d is­
placement is predominant on the faults striking N65°E in the Excelsior 
Mountains area. In support of this, Gianella and Callaghan (1934b) 
found that the fault of the 1934 Excelsior Mountains earthquake which 
also had a strike of N65°E, showed some le ft- la te ra l strike-s lip  
displacement.
AGE OF FAULTING
Slemmons (1967) has mapped surface faulting in the Great Basin from 
aeria l photographs. He has divided the faults into four categories de­
pending on the apparent age o f faulting. Type A faults have accompani­
ed h istoric  earthquakes; Type B faults are prehistoric, but more recent 
than the la test g lacia l and pluvial deposits (age 1.1,000 years); Type C
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Figure 4-21. General pattern of faulting in the Excelsior Mountains.
faults cut alluvium, but are older than latest glacial and pluvial de­
posits (age between 11,000 and 100,000 years) and Type D faults -which 
are old range-front faults. Slemmons (1967) has found that a s ig n i f i ­
cant amount of the faulting in the Excelsior Mountains-Garfield Hills 
area is composed of Type A, B, and C faults. In contrast to this, he 
has found minor amounts of Type B and C faulting in the Toiyabe and 
Toquima ranges near Round Mountain. Essentially a l l  of the faulting in 
this area is Type D faulting--old range-front faults.
DISCUSSION OF STRAIN OBSERVATIONS
In the ligh t of differences in the present levels of seismic a c t i ­
v ity  and in the age of faulting in the Round Mountain and Mina areas, 
the strain observations are in i t ia l ly  quite puzzling. Since the Mina 
area is seismically much more active than the Round Mountain area, one 
might guess that the strain rate at Mina would be greater than the 
strain rate at Round Mountain, which is not the case. However, the ob­
servations may be explained by comparing them to laboratory work on the 
microfracturing of crystalline rock.
In a recent review of laboratory work on microfracturing of rock, 
Scholz (1970) proposed four stages of deformation for a -rock sample 
under compression and these are shown in Figure 4-22. In i t ia l ly  (Stage 
I )  the sample decreases in volume at a rate greater than expected from 
elastic  theory, and there is a nominal level of microfracturing. Both 
of these are interpreted as the result of the closing of pre-existing 
cracks and pores by the applied stress. Stage I I  is characterized by 
a linear strain rate, which agrees with the Young's modulus and 
compressibility of the sample measured in other ways; and by an
I
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Figure 4-22. Stages of rock deformation for a rock sample under 
pression; a) strain rate, b) rate of microfracturing o^om Scholz 
1970).
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absence of miciofracturing, Deformation in this stage is considered to 
be nearly linearly e lastic . In Stage I I I ,  dilatancy occurs and the 
rate o f microfracturing increases. Both of these effects are thought 
to be associated with the opening of new cracks. The last stage (Stage 
IV) is characterized by greatly increased dilatancy, and a high level 
of microfracture, prior to the main rupture.
Such results apply to rocks undergoing compressive deformation in 
the laboratory and may not apply directly to crustal rocks undergoing 
shear deformation. However, we can visualize stages equivalent to 
Stages I I ,  I I I ,  and IV. The higher strain rates, and low seismic act iv ­
ity  o f the Round Mountain area suggest that this area may be in the 
equivalent of Stage I I ,  where the deformation is nearly linear e lastic . 
The lower and variable strain rates, and higher level of seismic a c t iv ­
ity  of the Mina area suggest that this area may be in the equivalent of 
Stage I I I  or Stage IV, where deformation is taking place by inelastic, 
processes. I t  is interesting to note that in a study of seismic poten­
t ia l  of the western Great Basin, Rya.ll et a l ., (1973) interpreted the 
high seismicity in the Mina area as an indication of high potential for 
a moderate to large earthquake there in the near future, i . e . ,  Stages 
I I I  or IV.
REGIONAL STRAIN FIELDS IN SOUTHERN NEVADA
Both the data from the strainmeter installations at Mina and 
Round Mountain discussed above, and the results of the study oi k i l l  is 
et a l.  , (1973) indicate a general northwest-southeast extension. This 
is in agreement with the direction of spreading inferred thorn the
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geometry o f i_he Gi.eat Basin anci with the stress pattern inferred from 
ear ehquake focal mechanism solutions. Each of the strainmeters listed 
in iable 4-1 and shown in figure 4-1 should record this regional defor­
mation. Each instrument w ill  also record strains of local origin and 
pseudo-strain resulting from the e ffect of pressure and temperature 
variations on the strainmeter, These effects may be of sufficient am­
plitude to mask the regional strain variation. This certainly appears 
to be the case for the near surface instruments. These instruments 
show cyclic  strains of approximately one year period with amplitudes as 
great as 1x10 14, True strains of these amplitudes would be sufficient 
to generate large earthquakes; since none have occurred these apparent 
strains are undoubtedly associated with the seasonal variation of 
temperature.
To minimize the e ffec t of strains of local origin and the effects 
o f environmental temperature and pressure variations on the strainmeter, 
Smith and Kind (1972a) suggested using a least-squares procedure to 
determine the regional strain f ie ld  over a large area. Their results 
have been discussed previously.
As outlined in Appendix 1, strain is a second-rank symmetric ten­
sor, which is completely determined by six independent observations.
The nine components are of the form
LEAST-SQUARES STRAIN FIELD
(4 - 1 )
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where the diagonal elements e**, e yy. , are normal strains and the o f f
diagonal elementse*y , e*% , evV, i ey* , e„. ,e1yf are shearing strains. On a 
free surface which coincides with the xy-plane, this matrix reduces to 
a 2x2 symmetric matrix since the z-component is now zero. Then the 
matrix is o f the form
(4-2)
Therefore, strain on a free surface is completely determined by three 
independent observations.
I f  we have more than three independent observations, the strain 
f ie ld  is overdetermined and can be solved in the least-squares sense. 
Assume we have N strainmeters in differeirt directions. From these we 
wish to determine the values of the principal strains and their orien­
tation. The strain in the &  direction is given by
G i  -  c o s 1 e„ -+• t G , , ( « '= / > , ......, A ') (4-3)
Since the number of equations exceeds the number 
tem presumably does not have an exact solution, 
the discrepancies
£ ■ K cos’"<56/ e„ ■* a. C.os ijS; JIM (fic €11. + Slrjtd; “ £/,' -/• O
of unknowns, the sys- 
Therefore we consider
O'--'.!,...., « )  (4“4:)
We attempt to find values fore,. , which w il l  make the sum of
the squares of the errors as small as possible.
Let E be equal to the sum of the squares of the errors. To mini­
mize E we take the partial derivatives of E with respect to e„ , e 
e u  and set this equal to zero. Therefore, we have




and similarly for ^E/^®ii,and °S/3«n
and
We. now have a system of three equations in three unknowns which we can 
easily solve for ei.,elt ie „ .
The orientation of the axis of principal strain is then given by
and with this, we can obtain the magnitude of the principal strains from
The technique described above was programmed and checked, using 
the data of Smith and Kind (1972b). I t  was found to give results which 
were identical to the calculations of those authors. As their data in­
cluded only north-south and east-west strain observations, we attempted 
to repeat their analysis and include the data from the strainmeter in­
stallations at Round Mountain and Mina, and the data from the CSM/NOAA 
strainmeters. The data from the latter installations is shown in 
Figures 4-2 through 4-5. We found that a l l  reasonable station
(4-7)
E * k  ~  +  A  e n . c o s o ' -  s i n  oC  +  S i x
(4-8)
APPLICATION OF THE LEAST-SQUARES TECHNIQUE
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combinations provided unreasonable results. This is not likely  to be 
due to the lack o f a regional tectonic strain f ie ld ; rather, much of 
the data is o f such poor quality that this analysis is not applicable.
As d?_scussed in Chapter 1 and shown in Figures 4-2 through 4-5 
ano Figure 4-/, strains observed on the near surface strainmeters at 
the Nevada Test Site were two to three orders of magnitude greater than 
the instruments at Mina and Round Mountain, which are in deep mines. 
These large apparent strains are probably due to the e ffect of seasonal, 
temperature variations, which affect a l l  stations in a similar manner. 
Even with the least-squares technique, there is l i t t l e  hope of solving 
for regional tectonic strain variations which are two to three orders 
of magnitude below the noise leve l. I f  more high-quality data existed, 
this least-squares technique would provide a powerful tool in observing 
regional deformation,
INTERPRETATION OF STRAIN OBSERVATIONS IN
TERMS OF THE TECTONICS OF THE GREAT BASIN
According to the theory of plate tectonics, the Pacific plate is 
moving to the northwest at a rate of about six centimeters per year 
with respect to the North American plate. The San Andreas fault forms 
the boundary between these two plates. Savage and Bur for d (1973) have 
computed the re la t ive  plate motion along the San Andreas fault between 
Parkfield and San Francisco, California, from geodetic observations.
They estimate the average right-latera l motion to be 32 - 5 millimeters 
per year from the period 1907 to 1971. Thus the observed motion along 
the San Andreas fault is about one-half of the motion of the Pacific, and
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North American plates relative to one another. Atwater (1970) has pro­
posed that the idea of the San Andreas fault forming the boundary be­
tween two large r ig id  plates is too simple. She has proposed thatwest- 
ern North America is a very wide, soft boundary ("megashear zone") be­
tween two r ig id  moving plates. Thus the three centimeters of s lip  mak­
ing the difference between the inferred plate motion from magnetic 
anomalies and the observed slip rate on the San Andreas fault is prob­
ably taken up in the region of faulting composing the Great Basin.
The Great Basin is a broad zone of nearly evenly-spaced, alternat­
ing mountain ranges and valleys which trend north-northeast and are 
bounded on one or both sides by steeply dipping faults. This zone is 
characterized by high seismicity, high heat flow (Sass et a l , ,  1971), 
anomalously thin continental crust (Prodehl, 1970), and high- 
attenuation, low-velocity upper mantle (Archambeau, et a l . ,  1969; 
Julian, 1970).
Stewart (1971) interpreted the Great Basin structure as a system 
of horsts and grabens produced by the fragmentation of a crustal slab 
above a p lastica lly  extending substratum. He proposed that the exten­
sion o f the substratum causes the basal part of the slab to be pulled 
apart along narrow, systematically spaced zones which in turn cause the 
down dropping of complex horizontal prisms (grabens) in the b r it t le  
upper crust. The grabens from the valleys, and the intervening hoists 
or t ilt-b locks form the ranges.
Scliolz et a l . ,  (1971) have interpreted the Great Basin as an en- 
s ia l ic  interarc basin which has resulted from termination of active 
subduction along the coast of North America. These authors point out
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that, petrological studies (Lipruan et a 1., 1972 j Christensen et a l„ ,
J972) indicate that until the late Cenozoic, the Great Basin was the 
s ite  of calc-alkaline andesitic volcanisin. During the late Cenozoic, 
this cnanged abruptly to fundamentally basaltic volcanism, accompanied 
by the beginning o f major crustal extension (Noble, 1972). They in ter­
pret this as a change from island arc-type volcanism to active interarc 
spreading following termination of subduction. They suggest that the 
spreading is caused by a mantle diapir mobilized by the descending 
lithospheric slab. The diapir was trapped beneath the s ia l ic  crust 
and as i t  rose, i t  flattened and spread out la tera lly  causing the ob­
served crustal extension.
Koizumi et_ a l ,, (1973) have studied teleseismic P-wave residuals 
at stations of the Nevada seismic network and have found that these 
provide evidence for a slab-like, high-velocity zone under northern 
Nevada. They propose that this zone is related to a paleosubduction 
zone. This subduct ion zone is nearly at right angle to that proposed 
by Scholz et a l. , (1971). Presumably, a major portion of the present 
spreading is the result of the release of compressive stress upon te r­
mination of active subduction.
Thompson and Burke (1973) have estimated the rate and direction of 
spreading in Dixie Valley from the subsurface geometry of the basin, 
from geodetic measurements of earthquake faults, and from o ffset shore­
lines of a Pleistocene lake. Each of these metnods indicates that Dixie 
Valley has been spreading N35°W - S55°E at the rate of 0.5 to 1 m i l l i ­
meter ner year for the last 15 million years. Xi Dixie valley is char - 
ac ter is t ic  of the basins in the Great Basin, ana J.hompson and Burke
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fee l that, i t  is . then the whole Great Basin is presently spreading at a 
rate of about 1 centimeter per year. This agrees with estimated spread­
ing rates o f Hamilton and Myers (1966), Stewart (1971), and Scholz et 
a l . , (1971).
The strain data from Round Mountain and Mina discussed above, and 
the observations reported by W illis  et a l , ,  (1973) in general indicate 
northwest-southeast extension and suggest that a single tectonic driv­
ing force is responsible for the deformation over this region. This 
is in the same sense as the deformation along the San Andreas fault in 
California, except that there is less compressive stress in the Basin 
and Range than there is along the San Andreas fault. Strain observa­
tions in Utah (Cook, personal communications, 1974) indicate that this 
driving force may operate as far east as the Wasatch Mountain. These 
strain observations are in general agreement with the ideas presented 
by Atwater (1970) and Koizumi, et a l . , (1373). They rule out the ideas 
proposed by Scholz, et a l . , (1971) which call for primarily east-west 
spreading.
The observed strain rates at Round Mountain and Mina are in good 
agreement with the spreading rates estimated by Thompson and Burke 
(1973). Be extrapolating their measurements for Dixie Valley to the 
whole Great Basin, we find that the Great Basin is spreading at a rate 
of approximately 1 centimeter per year, northwest-southeast. Che.se 
spreading rates indicate strain rates of at most a few pari.s in 10
per year«
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The various estimates for crustal spreading in the Great Basin 
given above are average spreading rates for the past 10 to 15 million 
years. Thompson arid Burke (1973) note that there is some indication 
that the spreading rate has increased in the last few million years, 
and that these average rates may be somewhat lower than the present 
rate o f crustal spreading. As mentioned above, the San Andreas fault 
accounts for only half of the estimated motion between the Pacific and 
North American plates, with the remainder probably occurring in the 
Great Basin.
Creep measurements are d i f f icu lt  to make in the Great Basin since 
there is no well-defined zone of faulting. Isolated strain measure­
ments such as those reported above for Mina and Round Mountain are con­
taminated by local effects and can be used only to put an upper bound 
on the regional deformation.
Brune (196S) has presented a simple method for estimating the rate 
of s lip  from earthquakes in "iajor fault zones. The seismic moment as 
defined in the dislocation theory of faulting is given by
< u> = Mo />*■ A
(4-9)
where <u-> is the average dislocation or average slip over the fault 
surface, M̂ is the source moment, and A is the area of the fault slip. 
Since <«> is an areal average, the average may be extended over the 
total area o f the shear zone by multiplying by the ratio oc the area 
of each event to the total area of the shear zone, A,,. Then this ex­
tended average dislocation is given by
M (4-1CA M ,
« u »  = <u> ?,;■>
A ll  of the events along the fault zone can then ne summed to get the
133
tota l s lip
2 « U »  = S j± -A o  2 m0 (4-11)
As mentioned previously, the historic seismic activ ity  in the 
Great Basin is concentrated in a zone extending from Owens Valley in 
the south to Pleasant Valley in the north. During the past one hundred 
years there have been nine earthquakes in this zone greater than magni­
tude. 6, and four earthquakes greater than magnitude 7. Applying 
Brune's method to the largest events of this fault zone and applying 
the appropriate fault geometry, we estimate the average slip to be 
approximately 2 centimeters per year. This calculation includes only 
the earthquakes with magnitude greater than 6 3/4, and excludes the 
1872 Owens Valley earthquake, whose magnitude of 8.3 may be over e s t i ­
mated. I f  the 1872 event is Included, i t  dominates the slip  rate for 
the Great Basin. Thus, deformation in the form of fault slip in the 
Great Basin nearly accounts for the difference presently observed be­
tween the s lip  rate along the San Andreas fault and the re lative motion 
of the Pac ific  and North American plates estimated from the magnetic 
anomalies. The remaining centimeter can probably be accounted for by 
faulting on other smaller fault zones in the Great Bas in, and by fault 
creep,
STRAIN CHANGES PRIOR TO EARTHQUAKES
According to Reid's elastic rebound theory of the. earthquake 
source, earthquakes are the result of a sudden release of shear stress, 
which has built up over a long period of time prior to the earthquake. 
I f  this theory is valid , then substantial elastic strain occurs in the
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focal region before an earthquake. The peak values of elastic, strain 
are l ik e ly  to oe of the order 10 but this may be apparent only very
loca lly  and immediately before an earthquake. Under favorable condi­
tions, i t  should be possible to observe this buildup of strain prior to 
the resulting earthquake.
Anomalous deformations preceding earthquakes have been reported 
from Japan and the U.S.S.R. The Japanese have reported anomalous 
changes in sea leve l which occurred hours to days before earthquakes; 
anomalous vert ica l and horizontal deformation, as revealed by repeated 
geodetic surveying, which occurred months to years before earthquakes; 
and anomalous strain and t i l t  variations which preceded earthquakes by 
hours or days. Workers in the U.S.S.R. have reported anomalous strain 
variations preceding several earthquakes.
THE DILATANCY MODEL
The dilatancy model for earthquakes proposed by Nur (1972), Aggar- 
wal, ei. a l , ,  (1973), and Scholz, ej  ̂ a_l. , (1973) satis factorily  explains 
most crustal earthquakes. This model is based on laboratory work on 
microfracturing of rocks (Brace, et. ad., 1966; Scholz, 1968, 1970) and 
on f ie ld  observations of earthquakes (Aggarwal, et_ a l . , 1973; Whitcomb, 
et a l . , 1973; Nur, 1973).
Brace, et al_., (1966) studied dilatancy in the fracture of crysta l­
line rocks. They found that volume changes at low levels of stress are 
purely e las t ic . As the stress reaches one-third to one-half of the 
fracture stress, the rock becomes dilatant, that is, the volume in­
creases re la tive  to the elastic changes. They found that, the magnitude
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of the dilatant change was generally 0.2 to 2.0 times the elastic volume 
change that would have occurred were the rock cimply elastic.
Dilatancy is the result of an increase m the void space due to crack­
ing and this affects the properties of the rock. Probably the most 
significant e ffec t  of dilatancy is known as dilatancy hardening (Frank, 
1965). The e ffec t ive  stress for a rock is compression under high con­
fining pressure is the confining pressure minus the pore fluid pressure 
(Verhoogen, e_t aJL , 1970). I f  a rock becomes dilatant and the volume 
of pore flu id  is fixed, the e ffect ive  stress must increase. Thus the 
rock becomes stronger or is hardened as a result.
Observations for earthquakes in the Garm region of the Tadzhik 
Socialist Soviet Republic (Nersesov, e_t a l . , 1969; Nur, 1973), the Blue 
Mountain Lake area of New York (Aggarwal, e_t a_l. , ] 973) and for a f te r ­
shocks of the San Fernando earthquake (Whitcomb, et_ a l ., 1973) indicate 
that similar events take place in the rocks of the earth's crust prior 
to earthquakes. These events are summarized by Seholz, et a l ., (1973).
The dilatancy process can manifest i t s e l f  in several ways. The 
most widely observed phenomenon to date has been the e ffect of dilatancy 
on the ratio  of the compressional and shear wave velocities--Vp/Vs , but 
dilatancy also affects geodetic movements of the survace, the seismicity, 
radon emission, and the e lec tr ica l res is t iv ity  (Figure 4-23).
Changes in the ratio Vp/Vs have been observed for earthquakes in 
the Garm region, at Blue Mountain Lake and for San Fexns.nao aftershocks. 
As dilatancy occurs, new cracks are formed. For large, shallow dilatant 
zones, this can lead to considerable crustal up lift . A nominal level 
o f seismic ac t iv ity  accompanies the formation of the new cracks, i f  fit
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Figure 4-23. Predicted 
function o f time during 
Roman numerals indicate 
et a l ., 1973).
changes in various physical parameters as a 
the earthquake cycle, for the dilatar.cy model, 
various stages in the cycle (from Scholz,
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a depth ol several kilrneters, wnere the dilatant zone is located, the
rate or flu id flow is slow compared to the rate at which dilatancy
occurs, the rocks w il l  become undersaturated. This w il l  have l i t t l e
e ffec t  on the shear-wave velocity but w i l l  cause the compressional-wave
veloc ity  to drop, causing a decrease in the ratio V /V . With the re-p s
distribution o f the water in the newly formed cracks, the pore pressure 
in the dilatant region w il l  drop. This w il l  result in a rise in the 
e f fec t ive  stress, and a strengthening of the rock (dilatancy hardening) 
which w il l  inhibit, temporarily, further dilatancy. Crustal uplift 
w i l l  cease, and the level of seismic activ ity  w il l  drop. As the dry 
cracks slowly f i l l  with ground water, Vp/Vs w il l  increase even beyond 
the in i t ia l  value of Vp/Vs , as the cracks become saturated. As the 
pore pressure increases with time, the shear strength of the rock dim­
inishes to the point xdiere, f ina lly , failure occurs. The amount of
strain required to produce the observed Vp/Vs anomaly (10 to 20 percent)
-6 ~ sis on the order of 10 to 1C ' (Scholz, et a_l., 1973), Strains of this 
magnitude would be easily observed on favorably placed strainmeters.
OBSERVATIONS OF CRUSTAL DEFORMATION 
FRECEDING EARTHQUAKES
The following sections summarize observations of crustal deforma­
tion preceding earthquakes. These observations have been made with 




Sassa and Nishimura (1956) have reported on anomalous ground defor­
mation observed to precede some large earthquakes in Japan. Their most 
complete set of data is for the Yoshino earthquake (magnitude 7.0) of 
July 18, 19j?.. Figure 4-24 shows the location of the tiltmeter and 
strainmeter observations with respect to the epicenter.
Figure 4-25 is a tiltgram for the Yura Station with an epicentral 
distance of 55 kilometers. This is a vector diagram showing the direc­
tion and magnitude of downward t i l t in g  of the ground. In i t ia l ly  the 
ground t i l t  was downward, and nearly towards the epicenter. Sixteen 
days prior to the earthquake, the sense of downward ground t i l t in g  re ­
versed, From July 2 until just prior to the earthquake, the sense of 
ground t i l t in g  was downward and away from the epicenter. During this 
period, the ground underwent about 2 seconds of t i l t .  Following the 
earthquake, there was a period of rapid downward t i l t in g  towards the 
epicenter, lasting for 12 days.
Figure 4-26 and 4-27 are strainmeter recordings at Osakavama with 
an epicentral distance of 94 kilometers and at Ids, with an epicentral 
distance of 72 kilometers. The single strainmeter component at Osakay- 
ama indicates that extension of the ground had begun taking place near­
ly one year prior to the earthquake. By the time of the earthquake, 
more than 2x10 extensional strain had accumulated. Shortly after the 
earthquake, the sense of ground strain reversed from extension to com­
pression, and nearly recovered to the original state in one year.
Strain at Ide is observed in six directions, and the data shown in 
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Tiltgram for the Yura station for the period November, 
1953 (from Sassa and Nishimura, 1956).
OSAKAYAMA 03SERV.
Figure 4-26. Strainmeter recording at Osakayama for the period 1948 to 
1953 (from Sassa and Nishimura, 1956).
IDE 03SERV
Figure 4-27. Stra inmeter recording at ide for the period January to 
August, 1952 (Sassa and Nishimura, 1956).
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During the month preceding the Yoshino earthquake, the ground at Ide- 
underwent a volumetric expansion. This was followed by a volumetric 
contraction following the earthquake.
Of these three observations, the data from Osakayama is most r e l i ­
able. \ura Observatory is at the coast and i t  is now well known that 
tiltmeters are quite sensitive to changes in the ocean loading. The 
data reported from Ide Observatory is the cubical dilatation calculated 
from six independent strain components. Since i t  is impossible to d is­
tinguish rotations of the surface from vertica l strains observed at or 
near the surface, vertica l strain measurements are meaningless (Romig, 
1971). Hence, some bad data was used in making the calculation o f the 
cubical dilatation, giving some unreliability to the data given in 
Figure 4-27. However, a l l  three reported observations support the idea 
o f a swelling of the source region.
Probably one o f the strongest pieces of evidence supporting the 
dilatancy model of the earthquake source was the crustal u p lift  observ­
ed to precede the 1964 Niigata earthquake (M -  7.3) (Hagiwara and Rilci- 
talce, 1967). Crustal up lift  in this area prior to the earthquake was 
observed both by leveling surveys and at tideguage stations along the 
coast. The f i r s t  survey along the route shown in Figure 4-28 was con­
ducted in 1898, and repeated again in about 1.930. The Geographical 
Survey Institute of Japan conducted frequent surveys after 1958 to 
check for possible ground subsidence resulting from the withdrawal of 
natural gas in the area. Figure 4-28 shows that., from the f i r s t  obser­
vation in 1898 until the mid-1950's, there was a slow up lift  of the 
ground taking place. In approximately 1555, the rate of u p lift  at
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Figure 4-28. Crustal deformation associated with the 1964 Niigata 
earthquake: , anomalous changes in elevation at leveling bench mark
prior to 1964; a , land subsidence at the time of the earthquake as 
estimated on the basis of the Nezugaseki tide gauge; o , changes as 



















Figure 4-29. Changes in the monthly mean sea level at Nezugaseki re la ­
tive to Kashiwazake (see Figure 4-28), (from Hagiwara and Rikitake,
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bench marks north of Niigata increased by about a factor of f ive .
A fter about 19.59, the rate of up lift  slowed and there was some tendency 
towards subsidence. The survey following the earthquake showed subsi­
dence at a l l  bench marks in the v ic in ity  of the earthquake. Two tide- 
gauge stations were operating during this time. Figure 4-29 shows the 
changes in monthly mean sea level at Nezugaseki which is about 20 k i lo ­
meters north of the epicenter, re lative to Kashiwazaki which is about 
100 kilometers south of the epicenter. There is clear evidence for 
about 4 centimeters of crustal up lift  at Nezugaseki in the six years 
preceding the earthquake, with about 20 centimeters subsidence at the 
time of the earthquake.
Utsu (1973) reported on six years of strain and t i l t  observations 
from Inuyama (INU), and these are shown in Figure 4-30. The vertica l 
line on each plot denotes the time of a magnitude 6.6 earthquake, which 
occurred 50 kilometers north of the Inuyama observatory. The earth­
quake occurred near the peak in both the strain and t i l t .  About one 
year preceding the time of the earthquake, a l l  strain components began 
to show extension strains. At about the same time, the tiltmeter ob­
servations show that the ground began to t i l t  downward and away front 
the source region. Following the earthquake, both the strain and t i l t  
showed substantial recovery. Similar t i l t s  were observed at Karnitakara 
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a
-30. Variation in the strain ( l e f t )  and t i l t  (right) rate at 
(INU), and t i l t  rate at Kamitakara (KTJ) for the period 1967 
Vertical line indicates the time of a magnitude 6.6 earth- 
ldlometers north of Imuyama and 70 kilometers southwest of 
ra (from Utsu, 1973).
145
SOVIET OBSERVATIONS
Latynina and Karmaleyeva (13/0) reported several instances where 
anomalous strains were observed to occur before earthquakes ranging in 
magnitude from 3.0 to 6.0. Table 4-2 from their paper, gives the data 
for the earthquakes they studied.
Figure 4-31 gives the time variation of strain at the Talgar 
(Kazakh, S.S.R.) Station of 1965. The arrow indicates the occurrence 
o f a magnitude 6 earthquake with an epicentral distance of 250 k ilo ­
meters. This in i t ia l ly  shows a compressional strain. Several days 
prior to the earthquake there was a reversal towards extension. Follow­
ing the. earthquake there was an acceleration of extensional strain, 
followed by a second reversal and recovery of most of the extensional 
strain.
Figure 4-32 shows the. strain observed at Talgar, at the time of a 
magnitude 53/4 earthquake with an epicentral distance of 320 kilometers. 
In the case o f this event, there is generally extensional strain pre­
ceding the earthquake, with the earthquake occurring near the peak of 
the extensional strain. However, in this case there was l i t t l e  recovery 
following the earthquake.
There was no anomalous variation of strain at the Talgar Station 
preceding the third earthquake.
The fourth earthquake which they studied was a magnitude 3 event 
which occurred 5 kilometers from the Garm (Tadjik, S.S.R. ' Station.
Figure 4-33 shows the time variation of strain at that station for a 
two--month period including the earthquake. The mean deformation rate
Table 4-2. Earthquakes studied by Latynina and Karmaleyeva ■(1970).
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Figure 4-31. Variation of strain rate at Talgar (Kazakh, S.S.R.) dur­
ing 1965. Arrow indicates time o f the magnitude 6 earthquake with 
epicer.tra 1 distance of 250 kilometers (from Latynina and Karmaleyeva,
1970).
148
Figure 4-32. Variation of strain rate at Talgar during 1967. Arrow 
indicates time of the magnitude 5 3/4 earthquake with epicentral d is­
tance of 320 kilometers (from Latynina and Karmale.yeva, 1970).
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Figure 4-33. (A) Strain variation in the north-south and east-west
direction at the Garni station; (B) Details of strain variation of a 
magnitude 3 earthquake with epicentral distance o j . kilometers (from 
Latynina and Karmaleyeva, 1970).
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in this region is observed to be 2-4x10 per year. The maximum rate
of strain shown in Figure 4-33 is a 2.6xl0'8 per day in the north-south
~8direction and 1.8x10 per day in the east-west direction. During the 
two days preceding the earthquake and the two days following the earth­
quake, the strain rates were 1x10  ̂ per day in the north-south direc- 
-8
tion and 1.8x10 per day in the east-west direction. The character of 
the east-west strain, shown in more detail in Figure 4-33b, is similar 
to the strains observed at Talgar for the other two earthquakes.
Latynina and Karmaleyeva concluded on the basis of s ta tis t ica l 
analysis that the probability of the existence of a connection between 
the observed strain variations and the earthquakes is great.
Boulanger, et a l ., (1972) reported on geodetically observed crus­
ta l deformation preceding earthquakes in Central Asia. The f i r s t  sur­
vey net discussed, and nearby earthquakes which occurred during the 
period of the survey, are shown in Figure 4-34. Figure 4-35 shows ten 
years o f geodetic, leveling data for bench marks 3179, 2122, 3493, and 
2134 with respect to bench mark 3040. The lines numbered 1 through 8 
indicate the time of each of the eight local earthquakes of magnitude 
3-4. For earthquakes 3 through 8 for which there was sufficient data 
available, crustal up lift  took place preceding each of the earthquakes, 
with crustal subsidence following the earthquakes.
Figure 4-36 shows four years of leveling data at bench mark IYBX 
in the Alma-Ata region. During the period from mid-1967 to mid-1969, 
intense crustal up lift  occurred in the v ic in ity  of bench mark IYBX.
The ve loc ity  of u p li f t  measured at bench marks in this area was as 
great as 26 mm. per year. The maximum crustal, up lift  at bench mark
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Figure 4-34. Garm survey network in relationship to local earthquakes 
(from Boulanger, et_ al_., 1972).
151
Figure 4-35. Displacements in time of bench marks 3179, 2122, 3493, 
and 2134 re lative  to bench mark 3040. Numbers 1-3 refer to earthquakes 
shown in Figure 4-34 (from Boulanger, et_ a_l,, 1972).
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Ah mrn
Figure 4-36. Graph showing four years of leveling data at bench mark 
IYDX in the Alma-Ata region.
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IYBX was 60 mm. During the period from mid-1969 to June, 1970, very 
l i t t l e  vert ica l crustal movement occurred. Repeated leveling surveys 
were being carried out in June, 1970. On June 5, 1970, an earthquake 
with magnitude 7 occurred, 160 kilometers from bench mark IYBX. The 
next leveling measurement showed that bench mark IYBX had subsided 
s lightly  more than 60 mm.
NEVADA OBSERVATIONS
As mentioned previously, the Excelsior Mountains-Garfield H ills  
area is only s lightly  less active than the Fairview Peak-Dixie Valley 
aftershock zone. Figure 4-37 compares nearly two years of secular 
strain data observed at Mina, with the rate of seismic ac t iv ity  shown 
by the bargraph. This represents a l l  earthquakes with magnitude great­
er than about 2-2 1/2 located by the seismic network of the University 
o f Nevada in the area of the Mina strainmeter installation. The gener­
al nature of the strainmeter data has been discussed previously. We 
w i l l  now look in greater detail at the strain variation during the 
period of May and June, 1972.
Figure 4-38 shows the strain variation and rate of microearthquake 
ac t iv ity  during this period, in greater detail. During the. early pact 
o f May. each of the strainmeter components recorded an extensional 
strain, followed by a period of compressional strain. This took place 
principally on the northwest-southeast component, but also to a lesser 
degree on the other two components. In other words, the crustal sample 
under observation In it ia l ly  underwent a dilatation, followed py a con- 
During the period of expansion, 2x10 1 extensional straintraction.
1 3 7 2  1 9 7 3
T”—r— -r— t t — i----r— t---- 1---- g— ~i---->-----j---- 1---- 1----t  -r--- 1— t
SEISMICITY
-v-, W t-^  m £3 *« B §ta ■ ■__a-a Jr3url^T^.a.^ »'̂ aJLSu-:. .&umuul
Figure 4-37. Comparison 
ty. The earthquake rate 
about 2  to 2.5.
o f the variation in the strain rate at Mina and the rate of earthquake ac t iv i-  
shown in the bargraph represents a l l  earthquakes with magnitude greater thaii
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Figure 4-38. Detailed comparison o f the strain variation and the rate of microearthquake ac t iv ity  dur- 
May, June, and July, 1972. Error bars on the 23.0 component indicate degree o f uncertainty.
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accumulated in the northwest-southeast direction.
fhe bargraph shows the rate of seismic activ ity  as observed at the 
seismic station at Mina. Most of these earthquakes were too small to 
locate with the seismic network. However, many of them were identical 
in character with several larger earthquakes of magnitude 1 - 2  which 
were located in the Garfield H ills , 12-15 kilometers northwest of the 
strainmeter s ite .
The bargraph shows an in it ia l  decrease in seismic ac t iv ity  during 
the period when the strainmeter indicates dilatation is taking place. 
The seismic rate then increases rapidly and a large number of events 
occurs at the time when the maximum contraction occurs.
This is followed by a similar occurrence during the f i r s t  part of 
June. The rate of seismic activ ity  followed the same pattern as in 
May. There was an in i t ia l  decrease, followed by a swarm of earth­
quakes. Unfortunately, we do not have a continuous recording of secu­
lar strain on one component (23.0*) during this period. However, this 
component does continue to record extensionai strain during this 
period. The behavior of the other two components for this time is 
essentially identical to the pattern of strain variation which took 
place during May, except that this was followed by a contraction.
During our interval of strain observations at Mina, these have 
been the only two such occurrences. Both the rate of seismic activ ity  
and the observed ground deformation agree with the precursor phenomena 
described by Scholz, et a l ., (1973). Those authors also compiled data 
cn the time duration of the precursor phenomena and the magnitude of 
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Figure 4-39. Duration time of various precursory phenomena as a 
function of earthquake magnitude (from Scholz, et al_., 1973).
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largest eartnquake in the sequence at Mina was less than magnitude 3 
(Gupta, personal communication, 1973). The time duration of both 
change in the rate of seismic ac t iv ity  and the crustal deformation is 
20 to 25 days. This is slightly  greater than Scholz, ejt a_l. , (1973) 
found for a magnitude 3 earthquake. However, this was a swarm with 
several events of comparable magnitude and i f  we consider these events 
together, the time duration of the precursory ohenomena is brought into 
better agreement with the findings of Scholz, et a l ., (1973).
Because of the agreement between the shape of the strain curves 
and the rate of seismic activ ity  with those proposed by Scholz, et a l . ,  
(1973), and because o f the agreement of the duration of the precursor 
phenomena with those found in other areas, we fee l that the observa­




ihis study has dealt in some detail with tidal and secular earth 
strain observations in the western Great Basin of Nevada.
The in i t ia l  chapter discussed the development of strainmeter in­
strumentation and the design of the strainmeter systems employed at 
Round Mountain and Mina, Nevada. The geologic structure and topography 
of each site  were b r ie f ly  discussed, since both of these can influence 
the strain observations. Finally, the quality of the strainmeter data 
from each of the two sites was examined and compared to other strain­
meter observations in Nevada. By comparing the observed, tidal strains 
with those predicted for each site , we found that a l l  strainmeter com­
ponents were well coupled to the earth, and that neither s ite  was 
affected by diurnal thermal or pressure variations. The long-term 
s tab il ity  of strainmeter sites is more d i f f ic u lt  to establish. Temper­
ature observations at both sites indicate that there is no long-term 
thermal variation. The observed strain f ie ld  and the low strain rates 
support this. These observations are in contrast to strain observa- 
t ions at shallow mine and trench strainmeter sites in southern Nevada, 
where large seasonal strains are observed. From this discussion, we 
conclude that the strainmeter installations at Round Mountain and Mina, 
Nevada are useful, for tidal research and for observing tectonic strain.
The second chapter dealt with the e ffect of ocean loading and 
crustal and upper mantle structure on solid-earth tidal observations 
in Nevada. The amplitude of the tidal strain as a function of azimuth
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was computed for each station, and compared with the theoretical a z i ­
muthal pattern. The 0-̂  tide is distorted in a similar manner at both 
Mina ana Round Mountain. This is probably an enhancement o f the tidal 
strain in the east-west direction due to the loading e ffect of the 0 -̂ 
ocean tide along the la c i f ic  coast of North America. The azimuthal 
pattern of tne M2  t idal amplitude for Mina is rotated s lightly  to the 
west and for Round Mountain is rotated s lightly  to the east. At both 
locations this is also in the direction of the local structure. The 
discrepancies between the observed and theoretical Mp tide were com­
pared with the ocean-tide loading calculations of Farrell, and found 
to be in poor agreement.
Malone (1972) found that the amplitude of the observed tides in 
Nevada is somewhat, smaller than the amplitude predicted for the 
Gutenburg-Bullen earth model. Our observations were compared with 
similar observations in other areas of the United States. From this 
comparision, there may be a correlation between areas of low tidal 
amplitude and areas of high heat flow.
The third chapter discussed the tidal phase lag, which is a meas­
ure of the imperfections of the elastic properties o f the earth. The 
areal strain is , to f i r s t  order, free from load e ffects . Therefore, 
the areal strain was used to compute the phase shift of the tidal 
bulge from the Nevada tidal strain observations. This was found to be 
4.2° - 1.4° which gives the lag of the tidal bulge as 2.1° - 0.7 '.
This fa l ls  within the range of previous observations and close to the 
astronomical estimate of the phase lag. From this observation we fma 
the tidal Q of the earth to be 10,
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Hie fourth chapter of this study dealt with secular strain observa­
tions in the western Great Basin, and with crustal deformation preceding 
some earthquakes. First, the work of Malone (1972), Smith and Kind 
(1972a, b ) , and W illis , et a l , ,  (1973) was summarized. The last two 
studies involve shallow mine and trench strainmeters, and data of poor 
quality. Next the current strain observations at Mina and Round Moun­
tain were discussed. The observations at Mina can be divided into two 
periods. The f i r s t  period from February, 1972 until October, 1972 was 
characterized by northwest-southeast compression. This was followed by 
a reversal of the strain f ie ld  and the establishment of a new strain 
f ie ld  with northwest-southeast extension. From a comparison of the 
strain f ie ld  with local earthquake focal mechanism solutions, the 
strain observations are interpreted as being f i r s t  a period of strain 
release, followed by a period o f strain accumulation. The data from 
Round Mountain are characterized by a fa ir ly  stable strain f ie ld  during 
the entire period of observation. From a comparison of the observed 
strain f ie ld  and focal mechanism solutions of local earthquakes, this 
is interpreted as strain accumulation.
The seismicity and age of faulting of the two areas are discussed; 
Mina is an area of high seismic activ ity  and recent faulting, whereas 
Round Mountain is an area of low seismicity and no recent faulting.
In light of these differences, the observed strain rates of about 
3x10“ ' per year at Mina and 2xl0~^ per year at Round Mountain are puz­
zling. Scholz (1970) has shown that rocks in compression in laboratory 
experiments undergo, with increasing applied stress, f i r s t  a stage of 
regular strain build up and a low rate of microfracture, followed by
1 .6 2
an irregular strain rate and a high rate o f microfracture. Possibly 
similar stages of deformation apply to rocks of the crust. Assuming 
this to be. the case, Round Mountain would be an area of low total 
strain accumulation, and Mina an area where considerable strain has 
already accumulated.
Since a l l  of the strainmeters in Nevada should be responding to 
the same regional tectonic driving force, an attempt was made to use 
a l l  available strain data in Nevada to compute a regional strain f ie ld  
using a least-squares process. However, since most of the data was of 
very poor quality, the calculated f ie ld  was quite unstable, and no 
regional strain f ie ld  could be determined. This is not l ik e ly  to be 
due to the lack of a regional tectonic strain f ie ld  but to the poor 
quality of much of the data.
Finally, observations of crustal deformation preceding earth­
quakes were reviewed. Most of them support the. dilatancy model o f the 
earthquake source. Strain observations at the time of a small, local 





Whan a body is deformed as the result of an applied force, the 
body is said to be strained. The position of any point P in the un- 
deformed body is defined by its radius vector r with components x3- 
in some coordinate system. After deformation, the point P is , in 
general, displaced, and is now defined by a new radius vector r ' with 
components x] . The displacement of P due to the deformation is then 
given by the vector l ' - r which is denoted by the displacement vector 
u:
u. -  x! - Xi
The coordinates x! of the displaced point are a function of the
(Al-1)
coordinates x,- o f the point before displacement. The displacement
vector up is therefore also a function of the coordinates xp, the
deformation of the body is completely determined.
When a body is deformed, the distance between points within the
body change. Consider two points close together. Before deformation,
the radius vector joining the two points is dxp and the distance be-2  2
tween the two points is dl = dx[ . Following the deformation, the
radius vector joining the two points is dx[ and the distance between
? g 2
the two points is given by d l ' "  = dxp’ - (dxp + dup) . From the
Taylor's series expansion we can write dup - (up/xr ) dxr , and sub-2
stituting this in tlie expression for d l ’ we have
2 , , 5ui  M 1 - - £  , , >*£ 3u ;  ,d-t' - (dxtMdu.;) = ( d % i + *’*£a*k * * k ci
, MU . , .
o’A v i  37, +• 37, 37,
(Al-2)
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Since, i ,  k, and 1 are dummy indicies, we can rewrite this as
k ■*
(Al-3)
“ «*f jl** + u.̂  cI ‘
Then by definition, is the strain tensor and we can see from its
form that i t  is symmetrical.
point, that is , we can choose coordinate axes (the principal axes of 
the tensor) in such a way that, only the diagonal components are d i f f e r ­
ent from zero. I f  the strain tensor is diagonalized at a given point, 
the element of length near that point is given by:
We see that dl is given by the sum of three independent terms. 
Therefore, strain in any volume element may be regarded as composed of 
independent strains in three mutually perpendicular directions. Each 
of the strains is a simple extension or compression in the correspond­
ing direction.
Except for short period seismic waves, a i l  earth strain measure­
ments are e ffe c t iv e ly  made at the surface of the Earth, which is a 
stress-free surface. From Hooke's law we can see that only three in­
dependent strain measurements can be made at such a surface.
Hooke’ s law gives the stress tensor in terms of the strain tensor
Like any symmetric tensor, u ^  can be diagonalized at a given
J-t'1 - ( $ + 3. Uik ) a*; (Al-4)
n (| -S-au.,! )d ;(.) + ( i + U tl) d + ( ' 4- 2- ^ X,
' 2
2.
EFFECT OF THE FPEE SUREACE
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CtA (Al-5)
In terms of an XYZ-coordinate system this gives
E
( 1 ■+ C") ( t-zr) [<• C“ ( u Vy + CiT.'z)]
Cyy ~
E
(t+c)() “ <r5") b -C-) + C - (u , y + Uzz)  1
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G'yZ ~ T+5- u v5-
(A l- 6 )
I f  the free surface is the XY-piane, the Z-component of stress vanishes. 
Therefore
- Uy2  - o
)" f ~ aF )[<1" <7*'; + ^ u''x + !Avy)j  = °
(Al-7)
From this we find
u Z-L ~
G-
l-c- (  lAuy *£* U yy  j (A l- 8 )
Therefore the radial strain component measured at the Earth's free 




Tidal theory has been reviewed by Cartels (1957), Longman (1959), 
and Munk and Cartwright (1966). This appendix summarizes their work.
j.he gravitational potential at a point P{Y,©, ,\) on the surface of 
the. Earth resulting from, a mass M, either of the Moon or Sun, is given 
by
V= GM/p (A2-1)
where G is the gravitational constant, and P is the distance from P to 
M (Figure A2--1). Tie can expand P in terms of the parallax ij = v/R as
'/(?■- (• + - a § cos o()'vV jR = n JtJ” Pm (â
where ss CCJ o(
(A2-2)
_ [_, d : y
Rr- = A "  m l ~U
Then equation (A2-1) for the gravitational potential at P can be 
written as
V
&M >»= ,-r t P  C x t ' ,  * *
s-rj r
~R t
i  +  l M  + 1 (A2-3)
The first, term of equation (A2-3) is a constant term and of no 
interest. The second term represents a uniform force on a l l  points 
of the Earth equal to and in the direction of M, but is not part
o f the t idal e ffec t . I f  we now write the gravitational constant G as 
G = 3 e>/,'■■;£ where 3 is the gravitational acceleration at point P, a is 
the distance from P to the center of the Earth and Mfc- is the mass of 





v = OP is th 
distance to 1
Z fN IT H
04 is the zenith angle of M(Moon or Sun) at a point p on 
surface. Z is the polar angle and L the terrestr ia l east 
E\ e >x are polar angle (colatitude) and longitude of P. 
e distance from the Earth's centre to P, and R = OM the 
M, P = PM the distance from P to M.
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(A2-4)
cos\ - I[) + i (i.Y(s'‘
The f i r s t  term represents about 98 percent of the tidal e ffec t and 
therefore, in most calculations, only the f i r s t  term of the expansion 
is kept.
We now have the gravitational potential as a function ofAand 
R, where both a . and R are functions of time. We must now express these 
as functions of the station coordinates 9 and A „
Let t designate the Greenwich time in hours since January 1, 1900. 
Then the time in Julian centruies since noon, December 31, 1899 is 
given by
The Sun's mean latitude h0 Cr)s perigee and eccentricitye©ft) are
known functions of T (Bartels, 1.957):
The instantaneous longitude of the Sun in the ec l ip t ic  is given by
t * rt (A) 
M ■ 3 t f j s "
(A2-5)
•+. e s i c a e o  +■ foae.33 i5lS'0T T  +  o . o a o o o S 'a . T * '
P<a -■ R.aoeaA'iS' + o.o3ooofir -*-o.0 0 0 0 0 7 ** r 1 (A2-6)
0 Q - O O 1 (s>7 6' { o <-f
ho*-* £ eo 5,N“(h 0~Pq) + ....
The polar angle from°P00o in Figure A2-2 is given by
(A2-7)
o f Greenwich and the Sun V-’q are given by
+ ho (A2-9)
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1 igure A2-2 . f is vernal equinox, <o0  — 23°.452 is abliquity of 
ec lip tic ,i* is  (instantaneous) longitude of Sun O along the ec lip t ic . 
Z0 is polar angle, L0 terrestr ia l east longitude, (or‘Po0)
is the Sun’ s right ascension.
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and
- 4 ~ — '4  r a  y, i (X G + 7 .0  -  <| « * )
■ S IN  T  ( ^ O ®  -  t o . }  *  '  0 °  '
(A2-10)
(A2-11)
T a Y ’  a. V o ~  .s i n
O  K ^ 77" foY 1 O t  .& 0 K TT
■n'<^©<air £oy -rr<J!0<air
Then the longitude of the Sun's meridian east of Greenwich is 
o ~ '̂c - V’o
Finally, the distance R between the Sun and Earth is given by 
R
~-T - I + eo cos(i,0 -PQ)w- e 0  Co* A(t, 0  - Fo) (A2-12)K Q
where R0  ®c i/(mean equatorial parallax). Ws can now write the Suns 
zenith angle ct0  in terms of 2 O)i 0  and the station coordinat es 0 , a
(A2-13)
~ cos *0 - C°5 3 COS +S,W e 5IN7'0Co:> (* 'Lol 
The case for the Moon is somewhat more complicated. The mean longitude
ha(r) , longitude of perigee pc (">'} , and longitude or che node On.O' >
along the eclrptic  are known functions of T.
h s  =  i j ,7 . r o o o g < )  + S3‘?-!i 7 0 7 i . 7 ^ i 'T  +  0 . 0 o o o 3 ‘f b T R-
PR - S-dASiirat t- v oiso'Mcut-  o.oooieoi r T (A2-14)
= M.5ri3«0|b ->• 33.75"7/V6BT + O.ciooo 3.»3 T 5
Solving the tr iang le ‘T’ao in Figure A2-3 we have
C05 ( , > t .  =  C D S  O f l C C I J  l  —  S < V . ' S I N  < C O S Y )  3
SIW 35 -■ Sim { Sin vt t /SiM oOg,
Sim ASl. ~ Sin V5. 5i« Wp /Sin O4 
c.o& A-«- = c o » n 4 cos v  -!■ coiu>0 si»n8 si« \>
T .Y , iA ^ - -^ AA/(,+CMA^
o<a-a-<,n' o < rr
.T ̂  A n. A Am it < ng< -̂n
where i, the inclincation of the Moon’ s orbit to the ec lip t ic  is
(A2-15)
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Figure A2--3. C1'J is vernal equinox. '<% = is longitude (along 
e c l ip t ic )  of ascending node reckoned from equinox. <• = 23?452 is 
obliquity of e c l ip t ic ,  5°. 145 is inclination of Moon's orbit to 
e c l ip t ic .  4=  is (instantaneous) longitude of Moon , along its 
orbit. Zsis polar angle, Lg is terrestr ia l east longitude, andT^, 
the Moon's right ascension.
equal to 5,145. The mean longitude of the Moon in its  orbit is
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Q r- via + An. (A2-1&)
and the instantaneous longitude of the Moon in its orbit equals
+3e4 siN;iH ..Pl) + f  
■ if
+ + ‘̂ ) i w  (h* - A  + Pi)
(a  i* T iS  + Id ^ f) 5 lwa-(ha -ho) 
4' ¥ V"S'e« s,M(3h(s-Aha-Ps)
(A2-1.7)
**7Z ec> S,N (shft-3Jie tP #)
where ea , the eccentricity of the Moon's orbit is equal to 0.054900, 
andm , the ratio of the mean motion of the Sun to the Moon is 0.074804. 
The polar distance is given by
C-os c, £ ~ 6 i k  c j  i  o t !£ cl t "n*
The Moon's right ascension is
rr,<5.0  = v  + <̂s
where is given by the relation
(A2-18)
(A2-19)
,si;> 7  (=10° - t U t )  ± /  e . V C± ---A-:------— -ro.no 1 <1 — So JV« Smifio'-Us.) A
The longitude o f the Moon east of Greenwich is
La. ” v -y ̂  -  pg
The distance of the Moon from the Earth is given by




r ■§• -rn ea co.-, ( h£ -.c qe + Pq.) + vv-.̂ coj * (h Q - htf;)
We can now write the Moon's zenith angle <̂3, 3.11 terms o f  2£, and the 
station coordinates 3  and x
c c 5 0 C O E rJ p I- 5 iw i) Sin, 7 , C*,s ( X - L. a) (A2-23)
Using equations (A2-4, A?.-13 and A2-23), we can compute the 
gravitational potential WA due to the combined e ffec t of the Sun and
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Moon, foi any point on the surface of the Earth and at any time. The 
radial, colatitudinal, and longitudinal components of displacement due. 
to the tida l forces are given by
HtvO
u* = T  w,
and
, , _ i- ( r )  DV/_
H 9 be 
'byd.
U>- " 5 SI«9 oi
(A2-2.4)
at the surface HWis Love's number h and L (r )  is Shida's number! .
Then using the f i r s t  term of equations (A2-4 and A2-24), the displace­
ments at point P (a,x) are
nv- ha jvT_ r3 (•'**■)
Ue *.£al $  jjj D©
^al M Tl 2 1 , - .  .\
SirsJ© R3 X V* t , )
(A2-25)
The strain components in polar coordinates are given by Love 
(1926)
y>
G y  y  -
.L ^  6 U y
« e e  = y* 2a +  V
l ___ V U g , U 3
C ),S  = •> s . ^ 0 7>a +  ^ COT








i "3 «v On,
" v<sims Ox or v
Sy-aand ê v. contribute nothing at the surface and we do not measure «yy 
with horizontal strain measurements. We w i l l  not consider them further 
Substituting (A2-25) into (A2-26) we have
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